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ABSTRACT	

This dissertation focuses on the synthesis and characterization of graphene-based hydrogel containing 

silver nanoparticles (AgNPs) with the aim of studying their swelling and dye adsorption capacities in 

view of potential application in wastewater treatment. 

Hydrogels have been widely studied in the past years due to their improved physicochemical properties 

and used as antibacterial platforms, wastewater pollutants adsorbents and drug deliverers. 

Nevertheless, the synthesis of hybrid hydrogels with improved mechanical and elastic capacities was 

still necessary. 

The wide surface area and mechanical flexibility of graphene oxide (GO) make of this carbon derivative 

a promising candidate to obtain composites with tailored properties. Moreover, its oxygen containing 

groups allow the strong interaction of GO with a wide set of molecules. Therefore, the synthesis of a 

graphene-based hydrogel aims to combine these abilities to obtain a material with improved synergic 

properties. 

AgNPs show characteristics which can help improve our materials properties, such as high hardness, 

antibacterial activity and biocompatibility. AgNPs were synthesized and their influence in the hydrogels’ 

properties and adsorption rates were studied and compared. 

The hydrogels’ structure was characterized using spectroscopy and microscopy techniques. 

Furthermore, interactions between the hydrogel, graphene oxide and the silver nanoparticles were 

studied.  

As expected, the combination of the above-mentioned elements led to a hydrogel with enhanced 

swelling and adsorption capacities towards wastewater common dyes such as rhodamine 6 G and 2-

nitrophenol. 

Additionally, the antibacterial activity of the hydrogels was studied for gram-positive and gram-negative 

bacteria, but no improved effect was detected with the synthesized GO-AgNPs based hydrogel. 

Keywords: hydrogel, graphene oxide, silver nanoparticles, swelling, dye adsorption; 
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RESUMO	

Esta dissertação foca-se na síntese e caracterização de hidrogéis de óxido grafeno contendo 

nanopartículas de prata (AgNPs), com o objetivo de estudar a sua capacidade de swelling e adsorção 

de corantes visando a sua potencial aplicação no tratamento de águas residuais. 

Ultimamente os hidrogéis têm sido estudados devido às suas propriedades físico-químicas, sendo 

utilizados como plataformas antibacterianas, adsorventes de corantes e transportadores de fármacos. 

Apesar disso, a síntese de hidrogéis híbridos com capacidades mecânicas e elásticas melhoradas 

mantém-se necessária. 

Uma ampla área de contacto, juntamente com a sua flexibilidade mecânica fazem do óxido de grafeno 

(GO) um candidato promissor para a construção de compósitos com propriedades personalizadas. 

Adicionalmente, a presença de grupos funcionais contendo oxigénio permitem o estabelecimento de 

interações entre o GO e outros compostos. Concluindo, a síntese de hidrogéis de óxido de grafeno 

permite conciliar a capacidade de adsorção de ambos de modo a obter um material com propriedades 

sinérgicas melhoradas. 

As AgNPs possuem características que visam ao melhoramento do material: dureza elevada, atividade 

antibacteriana e biocompatibilidade. Estas foram sintetizadas e a sua influência na capacidade de 

adsorção do hidrogel foi estudada. 

A combinação destes elementos permitiu obter um hidrogel com capacidades de swelling e de 

adsorção melhoradas relativamente a um corante, rodamina 6 G, presente em águas residuais. Estes 

foram caracterizados recorrendo a técnicas de espectroscopia e microscopia. Foram estudadas 

também as interações entre os elementos acima mencionados. 

Adicionalmente, a atividade antibacteriana dos hidrogéis foi testada em bactérias gram-positivas e 

gram-negativas, não se tendo detetado um efeito melhorado por parte dos mesmos. 

Palavras-chave: hidrogel, óxido de grafeno, nanopartículas de prata, swelling, adsorção de corantes; 
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 1 

1. INTRODUCTION	

1.1. HYDROGEL	

The synthesis of hydrogels composed by polymers has been growing in the past few years, as they are 

materials with a wide range of qualities such as biocompatibility, elasticity, swelling capacity, network 

characteristics and environmental sensitivity. Polymeric hydrogels additionally show a responsive 

behavior to changes in their surroundings, such as temperature, pH, salt concentrations, even the ability 

to store and restrain functional groups [1–3]. 

Different synthesis methods have been used during the past years. Hydrothermal synthesis, 

hydrothermal treatment with divalent metal ions, cross-linking polymerization and chemical reduction, 

being copolymerization of monomers with cross-linkers the most widely used since the others require 

a high investment in equipment or the use high temperatures [1][2]. 

Polymer hydrogel thin films have special interest, since they are more stable at interfaces than polymer 

brushes and have a storage function, they are able to accommodate various nanoparticles, chemicals, 

dyes, enzymes, etc [3]. 

Soft materials, such as hydrogels, are important materials in the human body. For instance, cartilage is 

able to effectively absorb and transfer loads. Additionally, soft materials can act as mechanical 

actuators that convert external stimuli to mechanical energy. Reversible mechanical actuators based 

on composite hydrogels have potential applications in robotics, sensors, mechanical instruments, and 

switches.  

These structures exhibit improved physicochemical properties endowed with several applications in 

different fields such as tissue engineering, agriculture, regenerative medicine, light harvesting and 

hybrid composites [1][2][4]. 

Hydrogel films are extremely versatile materials in terms of possible designs (membranes, multilayers), 

fabrication methods and functionalities. Despite all the aforementioned advantages, the traditional 

hydrogel still has disadvantages regarding their properties and usage. Its mechanical properties are still 

poor compared to other materials and they have small equilibrium-swelling ratio besides of having 

limited functional properties. In addition, only a few of the several strategies studied to prepare these 

hydrogels are known to have as a goal the development of biocompatible hydrogels, which are 

environmental friendly and have low production costs associated [1–5]. 
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1.2. GRAPHENE	OXIDE	

The family of graphene includes single- and multilayered graphene, graphene oxide (GO), and reduced 

graphene oxide (rGO). Graphenes exhibit highly conducting, optoelectronic, interesting mechanical 

properties which enable them to be useful in a wide range of areas [6].   

GO has been attracting attention due to its excellent electronic and optical properties, large surface 

area, mechanical flexibility, thermal and chemical stability, and biocompatibility. The discovery and 

synthesis of composite materials with tailored properties has thus gained considerable attention for a 

wide range of applications [7–9].  

 
Figure 1.1 Graphene, graphene oxide and reduced graphene oxide mo�ecu�ar structures. Taken from [6]. 

 

There are many routes available for the synthesis of GO reported in the literature and its synthesis 

methods have been continuously improved. They can be classified as bottom-up, direct synthesis from 

the carbon source, or top-down approaches. A top-down method, used in this case, is the synthesis of 

GO by exfoliation of graphite. The graphite when oxidized to GO (Figure 1.1), gains several functional 

groups in its surface and edges such as hydrophilic oxygen containing groups like carboxyl, carbonyl, 

epoxy and hydroxyl groups, which will allow GO nanosheets to interact more strongly with other 

molecules on its surroundings, through electrostatic forces and hydrogen bonding [1][9–11]. Pristine 

graphene appears as wrinkled flakes with no functional groups attached to it, therefore, it is highly 

hydrophobic, so these functional groups make the GO soluble in water and allow the formation of a 

stable aqueous suspension [6]. 

Graphene and graphene oxide have been used to synthesize 1D carbon nanotubes, 2D layer films and 

3D gels in nanomaterial research. Graphene based hydrogels attracted attention due to its excellent 

characteristics, in particular, mechanical strength, large surface and adsorption capacity. Therefore, the 

combination of graphene with several macromolecules and polymers has been used in order to 

synthesize hybrid hydrogels with enhanced properties [1][4][10].  

Graphene oxide and reduced graphene oxide based hydrogels have already been reported, even 

containing metal nanoparticles, more commonly, gold nanoparticles [4][6]. The synthesis of hydrogels 

derived from aromatic small molecular gelators as pyrene-conjugated oligopeptide [12] or Fmoc (N-

fluorenyl-9-methoxycarbonyl) [13] used as hosts for the incorporation of graphene has been reported. 

The aromatic moieties of the gelators induced an effective p-stacking with the graphene sheets, leading 
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to an improved mechanical rigidity. The use of several polymers, such as polyacrylamide [14] or 

polyvinyl alcohol [15], to synthesize hybrid hydrogels was also reported in the literature. GO PNIPAM 

hydrogel networks showed improved mechanical strength and exhibited dual thermal and pH response 

[6]. Nevertheless, GO was reported, under certain conditions, to be able to produce hydrogels by itself 

without any other molecules. In fact, for concentrations above 4mg/mL, lowering the pH to 0.6, leads to 

an increase of almost 40 times GO’s viscosity [15]. 

GO derivates due to their unique properties have shown to be good candidates for fields as energy 

storage, biosensors, nanodevices and drug delivery systems. The addition of metal nanoparticles 

allows the hydrogels to gain utility is specific applications mainly in the field of catalysis, drug delivery 

(Fe2O3) and antibacterial activities (Ag-based composites) [1][6].   

Still, finding environmental-friendly approaches to synthesize these hydrogels is a priority. Also, scale-

up and reliable production process of graphene oxide still require optimization.  

The combination of graphene-based materials with metal nanoparticles has received special attention 

in recent years due to the possible synergistic effect, which endows these materials with a wider range 

of applications. 

1.3. NANOPARTICLES	

Through the years, metal nanoparticles have shown a great potential in the optics, bio and 

nanotechnology fields. A high number of studies reported distinct methods for the synthesis of metal 

nanoparticles, which combined a broad range of other elements, such as surfactants and polymers. 

Nanoparticles properties as its high thermal, electrical and mechanical properties, excellent 

biocompatibility, low density and high hardness, have drawn even more attention to its utilization 

[9][16][17][18]. 

 

Figure 1.2 Schematic of p�asmon osci��ation on a spherica� nanopartic�e showing the disp�acement of the 

conduction e�ectron charge c�oud re�ative to the nuc�ei. Taken from [19]. 

 

The properties of nanometric entities (1-100 nm) are different from those of their individual components 

or from the bulk material. The distinct photophysical and optical properties at this level have been 

assigned to electron confinement effects. By contrast to the small extent of photochemical activity of 

bulk noble metals, nanoparticles of such metals exhibit an increased photochemical activity mainly due 

to their high surface/volume ratio.  



 4 

When excited by an oscillating electromagnetic field of light (the wavelength of light is much larger than 

the nanoparticle size), the free-electrons of metal nanoparticles undergo a collective coherent 

oscillation, Figure 1.2. As the wave front of the light passes, the electron density in the particle is 

polarized to one surface and oscillates in resonance with the light’s frequency causing a standing 

oscillation. The resonance condition is determined from absorption and scattering spectroscopy and is 

found to depend on the shape, size, and dielectric constants of both the metal and the surrounding 

material. This is referred to as the surface plasmon resonance (SPR), since it is located at the surface. 

The oscillation frequency is usually in the visible region for gold and silver nanoparticles. Nanoparticles 

with geometries other than the spherical also offer the possibility of tuning the optical properties over a 

broad spectral range. Silver and gold nanoparticles having the shape of rods, triangles, cubes and stars 

have been produced using distinct strategies for synthetic control such as seeding processes [20][21].  

Nanoparticles have been studied and used in different applications, from biotechnology and targeted 

drug delivery to magnetic separation and photochemistry.  

One of the applications that has also gained interest in the last years is the use of metallic nanoparticles 

as a fluorescence enhancer (Metal enhance fluorescence, MEF) [22][23]. Metal NPs can act as 

nanoantennas to collect and localize energy input and they can establish interactions with fluorophores 

placed in their close proximity, ultimately leading to an increase in fluorescence quantum yield and a 

simultaneous reduction of the emission lifetime of the fluorophore. The metal effect depends not only 

on the chemical nature of the metal but also on the particle shape and size, and on the particle-

fluorophore interdistances [24][25]. Critical uses in medicine, for example to locally and selectively heat 

and kill cancerous tumors, are already being developed [26]. 

The conditions under which photoinduced electron transfer or MEF are promoted were studied for a 

combination of fluorescent planar molecules with graphene-based material decorated with metal 

nanoparticles, highlighting the endless combinations of GO and metal nanoparticles can be possible 

[9][27]. 

Biological synthesis methods, eco-friendly and pollution free, seem to provide a controlled particle size 

and shape, important factors for several applications. To obtain this control in chemical methods, 

reducing agents as NaBH4 are used [28].  

Optical properties of metal nanoparticles are dependent on the metallic element, size and shape of the 

nanoparticle. A variety of shapes have been produced for gold and silver nanoparticles, e.g. rods, 

triangles, cubes and stars [17].  

1.3 .1 .  S I LVER 	NANOPART ICLES 	

Silver nanoparticles have been used in several fields due to their physical and chemical properties. 

They have potential applications in fields like nanotechnology, nanomedicine and bio-applications: 

antibacterial, anti-inflammatory, anti-cancer agents, diagnostics, drug delivery, etc [28][29]. 
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Typically, they are synthesized by the reduction of a silver salt with a reducing agent like sodium 

borohydride in the presence of a colloidal stabilizer. The most common colloidal stabilizers used are 

polyvinyl alcohol, poly(vinylpyrrolidone), bovine serum albumin (BSA), citrate, and cellulose [29].  

Several factors as particle size distribution, morphology and nanoparticles’ stability were shown to have 

a big influence on the AgNPs antimicrobial activity and toxicity [16][30]. AgNPs seem to be good 

alternative antibacterial agents to antibiotics and have shown to have the ability to overcome the 

bacterial resistance against antibiotics mainly due to characteristics like their large surface-to-volume 

ratios and surface structure. They have already shown to be active against yeast and 16 species of 

bacteria including Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Staphylococcus 

epidermidis [31][32][33].  

It has been reported that nanoparticles were incorporated inside a gel network in order to prepare gel-

nanocomposites where the individual properties of the nanoparticles would remain intact as well as a 

synergy of the properties from both components would be possible [6]. Besides adding an antibacterial 

feature to the hydrogel, the incorporation of nanoparticles also improves the strength of the hydrogel 

and proved to increase the rate and adsorption capacity [34].  

Even though these particles are not as widely preferred as compared to the gold nanoparticles and 

nanoshells, they have made a tremendous impact on fields like medical science and nanotechnology.  

1.4. TOXIC	DYE	POLLUTANTS	

Toxic pollutants are present in large amounts in the effluents discharged by many industries. Most of 

synthetic dyes have adverse effects on nature plus they are stable and resistant to biodegradation. 

Through the years, several techniques have been used to remove pollutant dyes from wastewaters, 

such as oxidation-reduction, coagulation, membrane separation, and adsorption. The latter is the 

procedure of choice due to lower costs associated and to an easier operation [7][8][34]. 

Still, it is a challenge to develop simple and efficient absorbents with high adsorption capacities. 

1.4 .1 .  RHODAMINE 	6 	G 	 (R6G) 	

Rhodamines are fluorophores from xanthene family often associated to the textile industry and that, 

consequently, became common industrial environmental pollutants during their synthesis and during 

fiber dyeing. Rhodamines are widely used as fluorescent probes either alone or combined with 

conventional fluorescent dyes. They are very photostable, bright fluorescence dyes with high absorption 

coefficients which can easily be chemically modified [35]. 

Due to their photophysical properties rhodamine derivative dyes are frequently used as active media 

for dye laser applications, as fluorescence tracers, fluorescence standards (for quantum yield and 

polarization), molecular switches and chemosensors [36][37]. 

Rhodamines like Rhodamine B vary with the pH. With acid pH the molecule is protonated nevertheless 

it dissociates in alkaline solutions. In less polar organic solvents (e.g acetone) the unprotonated 

(zwitterionic) dye undergoes a reversible conversion to a lactone, becoming colorless. The same does 
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not happen for rhodamine 6 G (R6G) since its carboxyl groups are esterified. Thus, the absorption 

maximum is independent of the pH [38]. Consequenlty, R6G is used for many absorption techniques 

as a standard compound. 

When used in dye lasers, R6G is normally dissolved in ethanol, methanol or other organic solvents. 

Usually it is also dissolved in water, mostly when used for fluid mechanics to study environmental flow 

fields [35][36][37]. 

 
Figure 1.3 Chemica� structure of Rhodamine 6 G (a) and its 3D geometry (b). Taken from [37]. 

 

1.4 .2 .  2-N ITROPHENOL 	

Phenol and 2-nitrophenol form the part of effluents of many industries such as petrochemicals, 

petroleum refineries, coke-oven, steel foundry, insecticides and herbicides industries, etc. On the other 

hand, phenolic derivatives are one of the most common organic water pollutants and are also toxic 

even at low concentrations.  

Nitrophenols are usually poorly degraded in conventional biological treatment systems, but it was 

reported that they can be removed by activated carbon, activated carbon combined with 

bioregeneration and carbon nanotubes adsorption [39][40]. 

1.5. APPLICATIONS	

1 .5 .1 .  DYE 	REMOVAL 	

One of the most effective and proven treatment of textile wastewater is adsorption. Adsorption is an 

economically feasible process for dyes removal being the result of two mechanisms: adsorption and 

ion exchange. The principal influencing factors in dye adsorption are dye-adsorbent interaction, 

adsorbent surface area, particle size, temperature, pH, and contact time [41]. 

The formerly stated GO characteristics resulted in the development of sensing platforms that can detect 

target molecules in the water solution directly. Consequently, GO exhibits superior adsorption capacity 

to remove dyes from aqueous environments, due to the presence of oxygen containing functional 

groups on its nanosheets surface, which can bind to metal ions and positively charged organic 

compounds [7][10][42]. Moreover, the extensive adsorption area provided by GO will contribute to a 

more effective material for dye removal. 
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GO-based hydrogels have also shown to provide an effective way to separate and remove pollutant 

dyes from water, plus different weight retention values by the composites were reported, showing a 

dependence on structural changes promoted by the network composition [10].  

In recent years, polysaccharide-based hydrogels have been widely used as adsorbents for the removal 

of dyes from aqueous solutions, and polyacrylamide hydrogels have previously been shown to 

successfully remove dyes such as methylene blue from aqueous solutions [34].  

Several groups reported potential dye removal application of GO-based composites such as PVA 

hydrogels and chitosan. The most commonly dyes used to assess the adsorption capacity of these 

materials are usually very photostable and with specific properties, such  as methylene blue, rhodamine 

B, rhodamine 101 and 4-nitrophenol [6][10][36][39]. 

1.5 .2 .  ANT IBACTER IAL 	TESTS 	

To inhibit infections by microorganisms, such as bacteria and viruses, the development of materials 

containing substances with antimicrobial activity has been necessary in a variety of biomedical 

applications and food industry [16]. Also, the increasing of the species resistant to the society’s common 

used antibiotics led to a rush in the research of such materials. 

Among many antimicrobials, such as heavy metals and antibiotics, AgNPs also have potential 

antibacterial and anti-inflammatory activity as previously mentioned. AgNPs prepared by a variety of 

synthetic methods have been shown to be effective antimicrobial agents [16]. Recent studies on the 

antimicrobial properties of silver complexes encourage further insights due to enhanced antibacterial 

activity against Gram-positive and/or Gram-negative bacteria with applications, for example, in 

reduction of bacterial adhesion to implant surfaces [28][43]. 

Recently, antibacterial activity of carbon nanostructures was reported. GO and rGO antibacterial activity 

was attributed to membrane stress induced by sharp edges of graphene nanosheets, which may result 

in physical damages on cell membranes, leading to the loss of bacterial membrane integrity and the 

leakage of RNA. Carbon nanotubes (CNT) had already proven antibacterial activity, they cause damage 

in the bacteria membrane and increase the oxidative stress [44].  

Therefore, designing hydrogels with antibacterial activity and good water-maintaining capacity is of 

particular significance to promote the development of wound dressing [5]. 
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1.6. AIM	OF	THIS 	STUDY	

In this dissertation, PAM-GO hydrogels were synthesized and their ability to adsorb dyes (rhodamine 

6G and 2-nitrophenol) from aqueous solutions was tested under distinct environmental conditions in an 

attempt to obtain an improved vehicle for wastewater treatment. Further contribution to this goal was 

sought by the addition of silver nanoparticles to the hybrid hydrogel. The latter system was tested further 

for its antibacterial efficiency against pathogenic bacteria with clinical relevance in the second part of 

this work. 

A gamut of spectroscopic and microscopic techniques were combined to achieve the proposed goals 

and are described below.   

1.7. TECHNIQUES	

1 .7 .1 .  UV-V IS 	ABSORPT ION 	SPECTROSCOPY 	

The UV-Vis region of the spectrum can be divided into three sub-domains: near UV (185-400 nm), 

visible (400-700 nm) and near infrared (700-1100 nm). It is mainly used for quantitative measurements. 

The efficiency of the light absorption at a wavelength (l) is characterized by the absorbance A(l) or the 

transmittance T(l), and usually follows the Beer-Lambert law. 

𝐴 l = log
𝐼l'

𝐼l
= e l 𝑙𝑐 

Equation 1.1 Lamber-Beer equation 

 

where 𝐼l'  and 𝐼l  are the light intensities of the beams entering and leaving the absorbing medium, 

respectively, e(l) is the molar absorption coefficient (M-1cm-1), c is the concentration (M) and l is the 

absorption path length (cm). 

The molar absorption coefficient e(l) expresses the ability of a molecule to absorb light in a given 

solvent. 

The absorbance must be characteristic from the absorbing species only. Normally the solvent is 

assumed to have no contribution on the intensities, but it can lower the intensity because of scattering. 

The absorption spectrum is a plot of the intensity of light absorbed as a function of the incident 

wavelength. It contains information about the fundamental electronic properties of the sample, e.g. 

energy levels and probabilities for allowed and forbidden transitions. The common transitions observed 

in UV/Vis range are p→p*, n→s* and n→p* [45][46, Ch. 9]. 

1.7 .1 .  RAMAN	

Raman spectroscopy is a non-destructive, fast, and widely used tool to characterize the carbon 

materials, it allows the study of the bonding nature of graphite materials, giving structural and electronic 

information.  
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It is used to determine the number and orientation of graphene layers, the quality and types of edge, 

and the effects of perturbations, such as electric and magnetic fields, disorder and functional groups 

[47]. 

1.7 .2 .  STEADY-STATE 	 F LUORESCENCE 	 SPECTROSCOPY 	

The emission spectrum is a plot of the fluorescence intensity as a function of the wavelength, for a fixed 

excitation wavelength. The fluorescence excitation spectrum is obtained by fixing the emission 

wavelength and scanning the excitation monochromator. If only one fluorophore is responsible for the 

emission, the excitation spectrum is identical to the absorption spectrum.  

By means of steady-state fluorescence, the excited-state of a fluorophore can be used to monitor 

several intra or intermolecular (with identical or different species) processes, as well as interactions with 

the surroundings (solvent dielectrics, temperature, viscosity, lipophilicity, etc). The fluorescence 

spectrum may be used to identify the compound that is being analyzed. 

The steady-state intensity will only reveal an average intensity dependent on a weighted averaged of 

the two decay times [48][49, Ch. 3]. 

 
Figure 1.4 Different components of a f�uorescence spectrum. The position of the Raman peak depends upon the 

wave�ength of the excitation beam and of the so�vent. Taken from [46, Ch. 11].  

1.7 .3 .  T IME-RESOLVED 	 F LUORESCENCE 	

Time-resolved fluorescence is used for measuring intensity decays.  

In the presence of energy transfer, the intensity decays reveal how acceptors are distributed in space 

around the donors. Time-resolved measurements reveal whether quenching is due to diffusion or to 

complex formation with ground-state fluorophores. 

Fluorescence lifetime (t) can be defined as the inverse of the sum of the rate constant of a radiative 

process (kR) and the overall rate constant for all non-radiative processes (kNR) 

𝜏 =
1

𝑘- + 𝑘/-
 

Equation 1.2 F�uorescence �ifetime 

 

The fluorescence intensity after excitation by a very short pulse of light at time 0 is proportional, at any 

time, to the instantaneous concentration of molecules still excited. The fluorescence decay time is one 
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of the most important characteristics of a fluorescent molecule because it defines the time window of 

observation of dynamic phenomena [48][49, Ch. 3].  

1.7 .4 .  FLUORESCENCE 	L I FET IME 	 IMAG ING 	MICROSCOPY 	 (FL IM) 	

FLIM is used to determine the spatial distribution of a fluorophore’s excited state lifetime in microscopic 

samples. Fluorescence lifetime contrast-based imaging has a wide range of applications since the 

lifetimes are highly sensitive to physical conditions in the fluorophores local environment, such as 

temperature, pH, oxygen levels, polarity, binding to macromolecules and ion concentration, while being 

generally independent of factors affecting steady-state measurements such as probe concentration, 

photobleaching, light scattering and the amount of excitation intensity.  

The lifetime image results from an exponential tail-fit model with a maximum likelihood estimator applied 

to the photons in every image pixel separately. More detailed information about the lifetime variations 

within different regions of a sample can be obtained by individual decay point measurements [48]. 

1.7 .5 .  FLUORESCENCE 	CORRELAT ION 	SPECTROSCOPY 	 (FCS) 	

FCS has been extensively applied for studying diffusion of molecules in homogeneous and 

heterogeneous environments, intermolecular binding and reaction kinetics, single molecule 

photophysics, and conformational dynamics. For that, high power lasers and a confocal set-up that 

reduces the volume of observation to the femto liters are required which makes nanomolar the optimal 

concentration for FCS measurements. Therefore, in FCS fluctuations in the fluorescence intensity are 

measured over a certain time which may be caused by the diffusion of the few fluorophores molecules 

going in and out the small volume of observation. These fluctuations will allow to build an autocorrelation 

function, G(t) where t is the correlation time. Then, applying a suitable model of the system, diffusion 

times are obtained, which are related to the diffusion coefficients and, at the end, the sizes of the 

diffusion species can be obtained (using Stokes-Einstein relation) [50][51]. 

1.7 .6 .  TRANSMISS ION 	ELECTRON 	MICROSCOPY 	 (TEM) 	

TEM is a valuable, frequently used, and important technique for the structural characterization of 

nanomaterials, to obtain quantitative measures of particle size, size distribution, and morphology. 

Chemical information can also be obtained by combining TEM with specific detectors such as X-EDS 

for elemental analysis. Moreover, images obtained using TEM have a much higher spatial resolution 

than a common light microscope.  

In TEM a beam of electrons with high energies is transmitted through a sample. The electron beam is 

affected by the interactions inside the radiated sample. These interactions are detected and 

transformed into an image. This image is then enhanced and focused onto an imaging device. The 

whole process from source to screen is under vacuum. Besides, a wide variety of analytical techniques 

can be coupled with TEM for different applications [52]. 
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1.7 .7 .  SCANN ING 	ELECTRON 	MICROSCOPY 	 (SEM) 	

SEM uses beams of accelerated electrons and electrostatic or electromagnetic lenses to generate 

images of high resolution. It is a surface imaging method, fully capable of resolving different particle 

sizes, size distributions, nanomaterial shapes, and the surface morphology of the synthesized particles 

at the micro and nanoscales. 

The shape, size distribution and size of nanomaterials can be acquired using SEM, however the 

samples are affected by the drying process altering the characteristics of the nanomaterials. Also, 

coating may be required if the samples are not conductive. On the sample preparation procedure an 

ultrathin layer of an electrically conductive material is applied on the samples surface [52]. 
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2. MATERIALS	AND	METHODS	

2.1. MATERIALS	

Graphite powder used for graphene oxide synthesis was from Cymit Química SL. Sulfuric acid (96%) 

and absolute ethanol from Carlo Erba. Hydrochloric acid (37%) and hydrogen peroxide (30%) were 

acquired from Sigma Aldrich. Potassium permanganate was obtained from Analak 

Chitosan (Mw=110,000-150,000; high purity), Polyethylene glycol (PEG, average Mn 4,600), 

polyethylenimine (PEI, high molecular weight, water-free) were obtained from Sigma Aldrich and pure 

glacial acetic acid from Epenhuysen Chemie. Sodium borohydride was from Carlo Erba. 

For polyacrylamide hydrogel synthesis the acrylamide was from E. Merck, silver nitrate from RP ACS, 

the crosslinker N,N′-Methylenebisacrylamide (MBA, 99%) from Fluka Chemika and potassium 

persulphate from Merck. 

At the pollutants intake tests acridine orange (AO) and Rhodamine-6-G (R6G) available on laboratory 

were used as well as 2-Nitrophenol purchased from The British Drug Houses LTD. Disodium hydrogen 

phosphate anhydrous, Na2HPO4, obtained from Fluka Chemika and citric acid from Sigma Aldrich were 

used for citrate-phosphate buffer. 

All other chemicals were used as received without further purification. 

Bi-distilled water (DW) was used as the solvent in all experiments. 

2.2. GRAPHENE	OXIDE	SYNTHESIS	

Both methods used for graphene oxide synthesis were based on Hummers method [53]. 

Method 1 The first step of graphene oxide (GO) synthesis consists in the dissolution of graphite powder 

(1g) in H2SO4 concentrated (23 mL) in an Erlenmeyer (250 mL). The solution was agitated during the 

night for 12h. All the recipients used must be well washed (bi-distilled water and ethanol) and dried, to 

avoid any reaction with the acid. 

To avoid any intense liberation of heat, the Erlenmeyer containing the acid and the graphite was 

transferred to a recipient with ice, reducing its temperature to 0ºC. When cooled, 3g of KMnO4 were 

slowly added to the solution with continuous agitation, prolonged for more 30 minutes. 

The new mixture was sonicated for 3h. The solution thus prepared was slowly added to 46 mL of distilled 

water under agitation. 

 

The solution was heated for 30 minutes assuring that the temperature never exceeds 55ºC. After 

cooling down, 140 mL of distilled water was added to stop the graphite oxidation reaction and the 

solution was agitated for approximately 1 hour. 

While agitating H2O2, (10 mL) was added drop by drop, and the solution became yellowish brown. 
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The resulting mixture was subjected to a series of purification steps with HCl 5%(v/v), DW and ethanol 

washing, and centrifugation [54][55][56]. 

• Centrifugation of the suspension at 4000 rpm for 20 minutes. 

• Washing with DW, approximately 10 mL, and centrifugation at 5000 rpm for 15 minutes. This 

step was done twice. 

• Washing with ethanol and centrifugation at 5000 rpm for 15 minutes. 

• Washing with absolute ethanol and centrifugation at 5000 rpm for 20 minutes, repeated a 

second time. 

• For last, the product was dissolved in 3 – 5 mL of absolute ethanol, deposited in a recipient and 

dried. 

Method 2 This method followed the same steps previously described for the first graphene oxide 

synthesis method.  

After the addition of KMnO4 the mixture was sonicated for a period of 6h. Subsequently the mixture was 

heated and brought to boiling for 30 minutes. Other difference between the two methods is the step 

where DW is added to the mixture. On this method, this step was skipped and H2O2 (10 mL) was directly 

added. 

As the preceding method, the mixture was subjected to several purification steps, consisting in washing 

and centrifugation phases [9]. The purification process was optimized given that a previous purification 

tap water was done. 

• Centrifugation of the suspension at 5000 rpm for 15 minutes. 

• Washing with tap water, approximately 10 mL, and centrifugation at 5000 rpm for 15 minutes. 

This step was done twice. 

To obtain GO, the product was scratched from the recipient surface and stored on a flask. 

2.3. SILVER	NANOPARTICLES	SYNTHESIS	

2 .3 .1 .  CHITOSAN 	

To proceed with the synthesis of silver nanoparticles (AgNPs) with chitosan the following solutions were 

prepared: AgNO3 solution (52.0 mM) in 5 mL of distilled water and chitosan solution in 10 mL of 1% 

acetic acid solution (6.92 mg mL-1).  

Afterwards, AgNO3 (4 mL) and the solution of chitosan were mixed and stirred until a homogenous 

mixture was obtained. The mixture was heated for 12 h at 95 °C. The color of the solution progressed 

from colorless to light yellow after a couple of hours under heating [57]. 
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2.3 .2 .  POLYETHYLEN IM INE 	 (PE I ) 	

The synthesis of PEI based AgNPs was done following the same experimental steps previously 

described but substituting chitosan by polyethylenimine (PEI). 

PEI was chosen, as it is a polymer that has been previously used to synthesize hydrogels, in a way to 

create a connection between the different elements that constitute this study. 

To proceed with the synthesis of silver nanoparticles (AgNPs) with PEI the following solutions were 

prepared: AgNO3 solution (52.0 mM) in 5 mL of distilled water and PEI solution in DW (3.0 mg mL-1).  

Identically to the aforementioned, both solutions were mixed and stirred until a homogenous mixture 

was obtained. The mixture was heated for 12 h at 95 °C to complete the reduction of the salt. After a 

few hours of heating the color of the solution progressed to light brown [57]. 

2.3 .3 .  PEI 	W ITH 	NABH4 	 	

A solution of PEI in DW was prepared and stirred during 1h to ensure homogeneity. The minimum 

concentration required in order to syntheize nanoparticles is 0.02 wt% [58]. A solution with the silver 

salt was prepared, AgNO3 5.0 wt%, and 1mL is added to 3 mL of PEI solution. The mixture is stirred for 

another hour. 

To accomplish the silver reduction, NaBH4 was used as reducer. The molar ratio used to calculate the 

quantity of reducer regarding the amount of salt was NaBH4/ AgNO3=0.75. 

Later, the reducer was added to the mixture, and it’s color changed to dark yellow. To have complete 

reduction, the mixture was subjected to magnetic agitation, at room temperature, for 3h [58][59]. 

The mixture was centrifuged at 3000 rpm for two cycles of 60 minutes, with resuspension in DW. 

2.4. SYNTHESIS 	OF	GRAPHENE	OXIDE	HYDROGEL	

To prepare GO hydrogels, a certain volume of GO dispersion was mixed with the solution of acid or 

other cross-linkers.  

2.4 .1 .  PEI 	 	

Both GO synthesized by method 1 and 2 were tested for the hydrogel formation using PEI [15] 

The synthesis of GO based hydrogels requires high concentrations of GO, so several concentrations 

of GO and PEI were tested in order to establish GO:PEI ratio which leads to hydrogel formation. The 

GO concentrations tested were the following: 5.0 and 7.5 mg/mL; And PEI 0.5; 0.75 and 1.0 mg/mL. 

First step consisted in making a stock dispersion of graphene oxide dissolving the GO in DW and 

subjecting the dispersion to 30 minutes of ultrasounds. Afterwards, depending on the GO:PEI ratio, a 

certain volume of PEI was mixed in the recipient with the GO. In this method no agitation was required 

for the synthesis of the hydrogel, even though some literature refers otherwise. 

Two addition sequences were tested: first GO and then PEI, and the other way around. The second 

sequence seems to favor the formation of GO hydrogel rather than the posterior addition of the PEI. 
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After GO aggregation and hydrogel formation, the excess of PEI solution was removed. 

 

Figure 2.1 Graphene oxide based hydroge� synthesized using PE� as a binder. Each image corresponds to two 

different combinations and attempts to synthesize the hydroge�. 

2.4 .2 .  CHITOSAN 	

Chitosan hydrogels were synthesized using a stock solution of chitosan in DW (0,05% w/v), adding a 

small amount hydrochloric acid 0.008% (w/v) to help solubilize chitosan. In order to obtain a 

homogenous solution, as it is a high concentration, it was magnetically agitated for 2 hours. 

Then, after 10 minutes of ultrasounds, 0.5 mL of a GO dispersion (10 mg/mL) was mixed with 0.1 mL 

of chitosan stock solution for a total volume of 1.0 mL. 

The order of sample preparation, with the aim of only having gelification at the final step, was: chitosan, 

DW and, lastly, GO. Gelification only happens without agitation [60]. 

Concerning the amount of GO that was being used, an attempt to reduce the volumes needed for 

hydrogel formation was made. For 300 μL total volume, 200 μL of GO (10 mg/mL) and 100 μL of 

chitosan (5 mg/mL) were mixed, successfully obtaining hydrogel. 

  

Figure 2.2 Attempt to synthesize GO-Chitosan hydroge�. First image, GO1 with chitosan, and second image, 

using GO2. 

2.4 .3 .  MYOGLOB IN 	

To prepare GO-Myoglobin hydrogel, an hydrogel synthesis method using hemoglobin was used as 

reference [61].   

GO1 GO2 
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6 mg of myoglobin were dissolved in 0.15 mL DW, to which 0.8 mL of GO dispersion (20 mg/mL) were 

added. A higher concentration of GO, comparatively to 9 mg/mL, was used to ensure a GO high-content 

hydrogel. 

It was not necessary to violently shake the mixture as the hydrogel formed itself in a few seconds.  

2.4 .4 .  TRYPTOPHAN	

In the first phase the hydrogel was prepared using a stock dispersion of GO (10 mg/mL) in DW, and a 

stock solution of the amino acid, tryptophan, of 5.0 mg/mL. Nevertheless, no gelification was observed 

using the aforementioned quantities. 

Alternatively, the hydrogel was prepared using a stock dispersion of GO (20 mg/mL) in DW, sonicated 

for 20 minutes before any previous usage and a stock solution of the amino acid, tryptophan, of 5.0 

mg/mL. 

The preparation order was, in first place DW, then the GO was added and finally tryptophan. 

Several combinations of volumes were used to attempt the formation of GO-Tryp hydrogel, presented 

in the next table. 

Tab�e 2.1 Preparation of GO-Tryp hydroge�. Vo�ume combinations used to synthesize the hydroge�. 

Sample/Volume (mL) H2O GO Tryp Total 

1 0 0.5 0.05 0.55 

2 0.45 0.5 0.05 1.0 

3 0.95 0.5 0.05 1.5 

 

The volumes presented in the table were extracted from both GO and Tryptophan dispersions. 

Each sample, after mixing, was then sonicated for 1h and heated until 110ºC for another hour. The 

formation of the hydrogel would be verified after cooling at room temperature [62]. 

2.4 .5 .  POLYACRYLAMIDE 	 (PAM)	

Two methods were followed for the synthesis of polyacrylamide hydrogels, using either silver nitrate or 

temperature to favor polymerization and formation of the hydrogel. 

For both, the steps followed were the same, differing in the addition of AgNO3. 

For 10 mL of DW, 1.0g of acrylamide was dissolved in DW and stirred for some minutes, followed by 

the addition of 7.0mg of MBA, compound used as chemical cross-linker. To help with polymerization, 

AgNO3 (2.0g) was added ahead of potassium persulfate (KPS). After the addition of 11 mg of KPS and 

some agitation, the polymerization takes thereabout 1 minute to happen. 

When using temperature as polymerization precursor, a recipient with the final mixture is placed in a 

water bath at 65ºC for 30 minutes in order to get the hydrogel. In this case, the step where silver nitrate 

is added is skipped being KPS directly added to the mixture. 
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To synthesize hydrogel with GO (PAM-GO), the same steps are followed. On the first step, instead of 

using DW, the initial aqueous solution contains GO (2.5 mg/mL). The GO dispersion must be sonicated 

for 20 minutes before adding the subsequent components [14].  

The same method was tried by replacing PAM with PEI, but no successful results were obtained, no 

hydrogel formation was seen. 

2.5. HYDROGEL	SYNTHESIS 	WITH	SILVER	NANOPARTICLES	

Using the aforementioned synthesized PAM hydrogels, attempts to synthesize silver nanoparticles-

containing hydrogels were made using distinct approaches: in-situ growth and addition of pre-formed 

silver nanoparticles. 

2.5 .1 .  IN - S I TU 	 (NABH4) 	

The in situ reduction of silver ions inside the hydrogel network was carried out using sodium borohydrate 

as reducer. 

A stock solution of the reducer NaBH4 was made dissolving the salt in DW, with a concentration of 4 

mg/mL. 

Both PAM and PAM-GO hydrogels, synthesized as previously described, were deposited in a falcon 

containing 10 mL of NaBH4 so the reduction of AgNO3 would take place and Ag nanoparticles would 

form. The reduction of the salt leads to an immediate change of hydrogel’s color, from transparent to 

black. The reduction process induced by the reducer affects both GO and metal ions simultaneously. 

To ensure that most part of the silver salt reacts, the hydrogels were left in the falcons for a period of 

24h, at 4ºC. The silver ion-loaded hydrogels were then put in water for a couple of hours to remove the 

excess of unbound silver ions at room temperature [59][62][63][64]. 

2.5 .2 .  CHITOSAN 	

In a different approach, previously synthesized AgNPs were used in the AgNP-hydrogel synthetic 

process. 

The first step in the PAM hydrogel synthesis consisted in dissolving acrylamide directly in an aqueous 

solution containing the desired amount of AgNPs.   

Depending on the amount of hydrogel desired to synthesize and nanoparticles concentration desired, 

the volume of AgNPs solution added was varied. For 2.0 mL of total volume, 1.0 mL of Chitosan AgNPs 

was added to the solution in order to obtain a sufficient number of nanoparticles in the hydrogel. 

Afterwards, the remaining components for hydrogel synthesis were added. 

Regarding PAM-GO hydrogel, in 2.0 mL, GO was dissolved in 1.0 mL of DI water and subjected to 30 

minutes of ultrasounds. Subsequently, the silver nanoparticles were added followed by the remaining 

components. 
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Nanoparticles solutions must be ultrasonicated for 30 minutes prior to its use in order to better disperse 

the nanoparticles and prevent aggregation. 

2.5 .3 .  PEI -NABH4 	

The same method was followed to synthesize hydrogel with PEI-NaBH4 silver nanoparticles. However, 

as the solution is high-concentrated in silver nanoparticles, only 400 μL of PEI-NaBH4 AgNPs solution 

was added in a total of 2.0 mL. 

2.6. POLLUTANT	 INTAKE	

2 .6 .1 .  ACR ID INE 	ORANGE 	 (AO) 	

A solution with 0.01 mM of acridine orange (AO) was prepared by diluting a stock solution.  

To test the dye intake by the hydrogels, an hydrogel was deposited in a certain DW volume with AO 

(0.01 mM) and several samples were collected during a period of time: 30, 60, 180 and 1,440 minutes. 

2.6 .2 .  2-N ITROPHENOL 	

To test dye adsorption PAM and PAM-GO hydrogel discs, were immersed in 12 mL of 2-nitrophenol in 

citrate-phosphate buffer at different pH values: 2.0, 4.0, 5.0 and 7.4 (0.01 mM). 

Several samples were collected during a period of time starting on 30 minutes until approximately 30 

hours. After 30h of adsorption the PAM hydrogel discs were weighted to calculate the amount of water 

absorbed (swelling ratio).  

2.6 .3 .  RHODAMINE 	6 	G 	 (R6G) 	

All the hydrogel discs synthesized with PAM were tested for Rhodamine-6-G (R6G) adsorption and 

swelling studies. 

The hydrogel discs were immersed in 12 mL of R6G (5.0-8.0 μM) in citrate-phosphate buffer at four pH 

values: 2.0, 4.0, 5.0 and 7.4. The volume used depended on the number of samples desired to take 

during the stipulated time.  

As mentioned above, several samples were collected during a period of time until approximately 30 

hours. After 30h of adsorption the hydrogel discs for each pH were weighted to calculate the amount of 

water absorbed (swelling ratio) [8]. 

2.7. ANTIBACTERIAL	TESTS	

The antibacterial activity of the hydrogels synthesized as above, with GO and AgNPs, was assessed 

based on the determination of the inhibition halo, standard methods by disc diffusion assay, towards 

selected strains of the Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli, 

Pseudomonas aeruginosa 477, and Burkholderia contaminans IST408. The strains were maintained in 

Lennox Broth (LB) liquid medium for 4 hours under agitation. 
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The selected bacterial strains represent pathogens of medical relevance, difficult to treat mainly due to 

their resistance to multiple antibiotics in clinical use. 

The hydrogels were synthesized in small discs with approximately 1 cm diameter (200 μL). Six types of 

hydrogel discs were tested: PAM and PAM-GO control samples, and both types with chitosan based 

and PEI-NaBH4-based silver nanoparticles. 

The hydrogel discs were placed onto the surface of Mueller-Hinton (MH) solid medium (aprox. 25 mL) 

in 90 mm Petri dishes previously inoculated with 100 μL of bacterial culture with OD640nm of 0.2. 

The dishes were incubated for 24h at 37ºC [5][43][56]. 

2.8. INSTRUMENTATION	

Besides the equipment showed below, equipment like HERMLE centrifuge and ultrasounds Elma S 

30H Elmasonic was used during preparation and purification processes. 

2.8 .1 .  UV-V IS IB LE 	 SPECTROSCOPY 	

UV-visible absorption spectra were recorded on Jasco V-560 and PerkinElmer spectrophotometer 

Lambda 35. During experiments, the range used was 700 to 200 nm and typically, the absorption 

spectra were measured in a 10 mm x 10 mm or 10 mm x 4 mm path length quartz cells (Starna Scientific 

lda.) using a bandwidth of 1 or 0.5 nm. 

Ground-state diffuse reflectance absorption spectra (GSDR) were measured using a homemade diffuse 

reflectance laser flash photolysis setup, with a 250 W W-Halogen lamp as monitoring lamp; the lamp 

profile was recorded for all the samples under study and also for two standards, barium sulphate powder 

and a Spectralon disk. The reflectance, R, from each sample was obtained in the UV–vis–NIR spectral 

regions and the remission function, F (R ), was calculated using the Kubelka–Munk equation for optically 

thick samples. Further details can be found elsewhere [65]. 

2.8 .2 .  FLUORESCENCE 	 SPECTROSCOPY 	

Steady-state fluorescence spectra were obtained with a SPEX Fluorolog spectrofluorimeter (HORIBA 

Jobin Yvon) in a FL3–11 configuration. It contains a 450 W Xenon lamp, which acts as a high intensity 

light source. This lamp has to be stabilized for at least 30 minutes before using it for any measurements. 

The instrumental response for emission spectra was corrected automatically with the aid of a correction 

function, which can be found in the program (FluorEssence) provided by the manufacturer. 

Fluorescence emission spectra were measured between 420 and 800 nm. The excitation wavelength 

(λmax) varied depending on the emission spectra of each sample. Quartz cells with an optical length of 

1 cm were used. 
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Figure 2.3 F�uoro�ogâ tau-3 spectrof�uorometer. Taken from [17]. 

A)  FLUORESCENCE 	 L I FET IME 	 IMAG ING 	M ICROSCOPY 	

Fluorescence lifetime imaging microscopy (FLIM) was performed using the time-resolved confocal 

microscope Microtime 200 set-up from PicoQuant GmbH (Berlin, Germany) equipped with an Olympus 

IX 71 inverted microscope which provides image resolution up to 50 nm per pixel. Briefly, the excitation 

at 483 nm was carried out by a pulsed diode laser at a repetition rate of 20 MHz, through a water 

immersion objective (60x, N.A. 1.2). Fluorescence was collected by the same objective, passed through 

the dichroic mirror and suitable band pass filter, focused through a pinhole (30 µm), to reject out-of-

focus light, onto a single-photon counting avalanche photodiode (SPAD, Perkin-Elmer) whose signal 

was processed by TimeHarp 200 TC-SPC PC-board working in the time-tagged time-resolved (TTTR) 

operation mode. Data analysis was performed with SymPhoTime Software (PicoQuant, Berlin) [66].  

B)  FLUORESCENCE 	CORRELAT ION 	SPECTROSCOPY 	

Fluorescence correlation spectroscopy (FCS) was used to estimate the hydrodynamic radius of the 

distinct synthesized AgNPs. The confocal FCS setup is identical to the above described for FLIM. 

Briefly, the excitation was performed with the 483 nm pulsed diode laser; confocal detection was 

obtained with a 50 µm pinhole; the laser beam was focused ~20 μm deep into the sample solution 

(aqueous drop on a glass slide); and the focal area and detection volume were calibrated using 

Rhodamine 6G dye (laser grade) with known diffusion coefficient,1 D=4.14×10−6 cm2 s−1. Measurements 

were carried out at 25ºC. Data analysis of individual correlation curves was also performed with 

SymPhoTime software. Further details can be found elsewhere [67]. 

2.8 .3 .  TRANSMISS ION 	ELECTRON 	MICROSCOPY 	 (TEM) 	

TEM images were obtained with a Hitachi H-8100 electron microscope operated at 200 kV. A drop of 

sample solution was deposited and air-dried in a carbon/Formvar-coated copper grid. The instrument 

includes a thermionic (LaB6) electron gun which emits electrons into the vacuum and accelerates them 

between the cathode and anode through a selected potential difference up to 200 kV. Electrons 

focusing and magnification is controlled by an electromagnetic condenser-lens system. Acquisition is 

performed with a CCD camera. This equipment operates in a bright field imaging mode.  

                                                        
1 https://www.picoquant.com/images/uploads/page/files/7353/appnote_diffusioncoefficients.pdf 
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2.8 .4 .  SCANN ING 	ELECTRON 	MICROSCOPY 	 (SEM) 	

Scanning electron micrographs (SEMs) were obtained in MicroLab facility at IST through an analytical 

FEG-SEM: JEOL 7001F with Oxford light elements EDS detector and EBSD detector. 

2.8 .5 .  ZETA 	POTENT IAL 	

The experimental zeta potential values (ζ) of GO aqueous suspensions were determined in a Doppler 

electrophoretic light scattering analyzer, Zetasizer Nano ZS from Malvern Instruments Ltd.  

 

  



 22 

3. RESULTS	AND	DISCUSSION	

3.1. CHARACTERIZATION	

3.1 .1 .  GRAPHENE 	OX IDE 	

Graphene based hydrogels attracted attention due to its excellent characteristics, in particular, 

mechanical strength, large surface and adsorption capacity. Therefore, the combination of graphene 

with several macromolecules and polymers has been used in order to synthesize hybrid hydrogels with 

enhanced properties [1][4][10].  

Graphene oxide was synthesized following two modified Hummers methods as described in Materials 

and Methods section. The GO synthesis, as well as its purification, were followed by different 

spectroscopic methods as UV-Vis absorption, steady state fluorescence (excitation wavelength at 400 

nm) and Raman. GO morphology was observed by TEM (Transmission Electron Microscopy) and FLIM. 

Also, zeta potential was measured to assess the level of oxidation of both synthesized GO samples. As 

two methods were used to synthesize GO, the characterization techniques were also used to find 

differences in both GO types regarding functional groups on its surface. 

It was verified that GO dispersions are stable for approximately 6 days. Afterwards GO loses its main 

properties in aqueous solution, changes were observed in GO’s UV-Vis absorption spectra. 

When observing both samples physically, without the aid of any equipment, they showed different 

textures and color. GO1 was brown and after purification it was possible to ravel easily in smaller grains, 

while GO2 had the appearance of a thin black leaf besides being hard to ravel. When dissolving them, 

GO2 forms a much thicker suspension than GO1, showing a difference between both. This difference 

in both GO’s appearance is noticeable in Figure 2.2, when trying to synthesize GO based hydrogel 

using chitosan. 

The UV-Vis spectra of the two samples confirmed that there was a difference between both GO 

samples, consequence of the changes aforementioned in GO synthesis method. Absorption spectra of 

the two synthesized GO samples dispersed in water, 0.1 mg/mL, are depicted on Figure 3.1 A. 

Besides the intensity difference between GOs they both present the typical maximum wavelength 

around 231±2 nm and the shoulder around 303±2 nm, corresponding to the π→π∗ transition of the C–

C and C=C bonds and the n→π∗ transition of the carbonyl bonds in sp3 hybrid regions, respectively, 

confirming their oxidation. 
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Figure 3.1 Absorption (A) and f�uorescence(B) spectra of graphene oxide synthesized by method 1 and 2. 

[GO]=0.1 mg/mL; λexc=400 nm. 

 

Graphite is one of the largest conjugated systems and its oxidation leads to a reduction of these 

conjugations. As seen in Figure 3.1 A, GO2 has the highest λmax at 234 nm, a slight red shift comparing 

to GO1 at 230 nm. This shift results from the higher number of conjugations in the GO synthesized by 

the second method, leading to an increase of the λmax of the molecule. As conclusion, GO2 has lower 

overall energy, the energy between excited and unexcited states is reduced, and it’s a more stable 

molecule than GO1 [68]. The better defined peaks obtained for the GO1 sample as compared to GO2 

seem to indicate a better solvent dispersion and/or smaller flakes in the case of the former which 

introduces less scattering in the detected signal. 

Steady-state fluorescence was measured for both GO1 and GO2 aqueous suspensions at three 

excitation wavelengths: 400, 420 and 450 nm. After data treatment it was verified that all three 

wavelengths lead to the same photoluminescence (PL) spectra. For λexc=400 nm, the spectra presented 

in Figure 3.1 B were obtained showing broad PL signal through the visible range. 

The large difference in fluorescence intensities is clear when comparing both GO’s. Calculating the 

area ratio under each species’ spectrum, it can be stated that GO2 has only 1/7 of GO1 spectrum’s 

area.  

Photoluminescence from aqueous GO has been addressed previously [69][70] and the reported 

spectrum resembles that presented in Figure 3.1 for GO1. The matter of the origin of such luminescence 

is still under debate partially due to the fact that results reported were obtained with samples produced 

in distinct ways making their comparison difficult. The atomic structure of GO has been proposed to be 

a graphene basal plane with a non-uniform coverage of the oxygen-containing functional groups, 

resulting in sp2 carbon clusters of a few nanometers isolated within a defective carbon lattice or the sp3 

matrix. GO emission was assumed to be predominantly from the electron transitions among/between 

the non-oxidized carbon region (-C=C-) and the boundary of oxidized carbon atom region (C-O, C=O 

and O=C-OH). In a recent study, a broad emission band (peak~ 600 nm) upon excitation at 320 nm 

was also obtained, which would be less and less intense as reduction of the sample was intensified, 

followed by the appearance of a narrow band blue-shifted (peak ~470 nm) [70]. The reduction of GO 

usually leads to the creation of newly formed small sp2 clusters, which are smaller in size, but numerous. 
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The electron–hole recombination among these sp2 cluster-like states will thus be responsible for the 

blue luminescence in rGO. The fact that the luminescence signal of GO2 was less intense seems to 

confirm a less oxidation of the sample. Since we used longer excitation wavelengths we were not able 

to confirm if the blue emission could be detected for our GO2 sample. A possible reason for the 

supposed less oxygenation in GO2 could come from the fact that higher temperatures were used in its 

synthesis. The synthesis of reduced graphene oxide was reported to be accomplished with partial 

reduction of GO with H2O2 [6], thus an excess use of this compound when attempting to synthesize GO 

could have resulted its reduction. Nonetheless, we cannot disregard the fact that a less-well dispersed 

GO sample (with multilayers) would lead to a quenching of the luminescence signal. In order to shed 

light on this hypothesis we have used Transmission Electron Microscopy (TEM). 

 

Due to the GO2 dispersion thickness, the concentration used for GO2 morphology study was decreased 

to 0.05 mg/mL while GO1 remained 0.1 mg/mL. 

In Figure 3.2, Transmission Electron Microscopy (TEM) images of the two samples are shown, GO1 

(A) and GO2 (B). The images also show differences between both GO synthesized by the two methods. 

Large graphene oxide sheets were observed with wrinkled structures in both GO TEM images. Both 

films show randomly aggregated thin graphene-like structures. Darker zones on the images indicate 

the presence of a higher number of GO nanosheets, demonstrating the existence of several stacked 

layers. The structures are closely associated with each other thanks to the interaction between the free 

functional groups present on their surface, but still capable of forming separated layers due to the 

electrostatic forces. In order to know the lateral dimensions of the GO sheets, an atomic force 

microscopy (AFM) would be a suitable technique to use [9][15][62][71][72]. 
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Figure 3.2 TEM images of GO1 (A) and GO2 (B) samp�es. [GO1] =0.1mg/mL, [GO2] =0.05 mg/mL. 

 

The difference observed between the two samples TEM images, can be due to the previously 

mentioned different solubility between samples, GO1 is better dispersed in water thus its leaves are 

easier to see in the images. 

Raman spectroscopy was performed in order to highlight any possible difference between the GO 

samples synthesized, as it allows us to study the bonding nature of graphite materials, crystallinity and 

the disorder on GO [8][56]. The spectra obtained for the GO samples are shown in Figure 3.3 together 

with a GO previously synthesized and characterized in the laboratory used as reference (GOr) [9]. 

Two excitation wavelengths of the laser were tested, 532 and 633 nm, being the first one the most 

suitable and effective. Using 633 nm as excitation wavelength led to too much noise and fluorescence 

in the spectra, making it difficult to interpret the results. 

B 

A 
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Figure 3.3 Raman Spectra recorded using 532 nm �aser excitation of GO1, GO2 and GOr (used as reference). 

 

The Raman spectra obtained for the GO samples is a typical spectra of GO [56][68]. As shown in the 

Figure 3.3, GO1 has peaks with shape and intensities very similar to GOr. On other hand, a red shift in 

both peaks is observed when measuring GO2. 

Even though none of the peaks are the same for any GO type, the three GO’s peaks are very close to 

the values referred on literature [8][10][56][68].  

Tab�e 3.1 G and D peaks for GO1, GO2 and GOr (used as reference), a�so the �iterature va�ues avai�ab�e in 

[68]. 

Graphene Oxide G peak (cm-1) D peak (cm-1) 

1 1587 1346 

2 1603 1352 

Lab. Reference [9] 1573 1339 

Literature Reference [68] 1590 1350 

 

Studies state that higher wavenumbers on G band (band on the right) are equivalent to the formation 

of sp3 carbon atoms and oxygenation of graphite, on other hand lower wavenumbers mean formation 

of sp2 carbon atoms, in addition, the higher the intensity of the G band the more changes happened in 

the molecule. D band (band on the left) that is related with sp3 carbon atoms of disorders created by 

the attachment of hydroxyl and epoxide groups on the carbon basal plane [9][10][56][73]. 

Regarding the differences between graphene and graphene oxide, graphene has lower wavenumber 

due to regraphitization ~1589 cm-1 and GO has the G band at 1595 cm-1, a red-shift is observed 

confirming its higher oxygenation [56]. Between GO1 and GO2, the former is the most oxygenated 

which is in agreement with the easier dispersion in water and the better defined absorption spectrum of 

GO1. 
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Depending on the experimental conditions, on how the GO is synthesized, the G and D peaks can 

present some shift between each other, even when measuring the same molecule. As we can see, two 

different references, for the same molecule state two different set of peaks. The intensity ratio between 

the two bands (ID/IG ratio) has also been used to determine the number of defects of the material. In our 

case, the ID/IG ratio is near unity, which is indicative of extensive sp3 defects. This intensity ratio was 

also obtained in a work where graphene oxide is characterized in detail [69]. 

In a work where reduced GO (rGO) based hydrogels were synthesized, the Raman spectra of rGO 

showed to have quite similar peaks to the ones obtained for GO1, G peak at ~1587 cm-1 and D peak at 

~1350 cm-1 [8]. 

From the results obtained in this kind of analysis, it can be concluded that most derivatives from 

graphene: GO, rGO, among others; have G and D bands very close to each other, differing only in a 

few cm-1. This does not allow a proper and significant distinction between the apparently different 

structures [8][56][68]. A better analytical tool would be X-ray photoelectron spectroscopy (XPS) which 

allows quantification of the amount of oxygen present, and identification and quantification of the C-O 

bonding in GO samples. Likewise, Fourier Transform Infrared (FTIR) analysis can be applied to 

determine the functional groups of the GO, and thus identify with more detail the differences among 

GO samples. 

GO2 has a slight shift comparing to both GO’s, nevertheless GO2 had less noise and fluorescence in 

its spectra than GO1 at the same excitation wavelength, as it was observed on the fluorescence spectra 

(Figure 3.1 B). Also to obtain the same intensity level, GO1 had the laser opened 100% while for GO2 

only 10% was necessary to obtain a good reading. This highlights the fact that the different steps taken 

in the synthesis method caused a difference on the product obtained structure-wise. 

For zeta potential measurements the concentration used was 1.0 mg/mL and the dispersions had a pH 

around 5. 

It is known that, due to the ionization of its carboxylic and phenolic hydroxyl groups, graphene oxide 

has a very negative zeta potential. Its decrease is a consequence of the removal of functional groups 

after the reduction reaction [56][74]. 

Inside the range of pHs used in the reference, for the working pH, the graphene oxide zeta potential it’s 

approximately -25 mV [74]. 

Tab�e 3.2 Zeta potentia� va�ues for GO1 and GO2, and the weight of each peak. 

Graphene Oxide Peak Zeta Potential % 

Method 1 

1 -27.1 mV 68.6 

2 +12.3 mV 27.5 

3 -66.6 mV 3.9 

Method 2 
1 -27.7 mV 85.4 

2 +3.86 14.6 
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Peaks 2 and 3 are contribution of other molecules present in the suspension on the time of measuring 

the zeta potential, being peak 1 the one referring to graphene oxide, with highest contribution and the 

one with closest value to the reported in literature. Comparing both samples, GO1 and GO2 have both 

a similar surface negative charge. 

3.1 .2 .  S I LVER 	NANOPART ICLES 	

In this dissertation silver nanoparticles were used to synthesize the hybrid hydrogels with enhanced 

synergic properties. Besides adding an antibacterial feature to the hydrogel, the incorporation of 

nanoparticles will also improve the strength of the hydrogel and increase its rate and adsorption 

capacity. 

The formation of silver nanoparticles was followed using UV-Vis spectroscopy. AgNPs formation can 

be controlled observing the emergence of the surface plasmon surface resonance (SPR) band around 

400 nm. For the three methods used for nanoparticles synthesis, the SPR band was observed at 

different wavelengths [59][63][64]. 

It has been shown in literature that different wavelengths correspond to different particle sizes, 

diameters and morphologies, both influenced by the synthesis protocol, such as the choice of the type 

of solvent used or the amount of the initial AgNO3 [59][75]. 

The exact concentrations of AgNPs solutions were unknown but an attempt to calculate them was made 

using the method present in [76], the concentrations obtained were 7.2x10-11M for CS-AgNPs and 

3.5x10-10M for PEI-NaBH4. Several volumes of AgNPs stock solution were tested recurring to UV-Vis 

absorption in order to determine a volume reference to use in the other analytic procedures, mainly to 

avoid saturation. 

Tab�e 3.3 Vo�umes used as reference to a�� experimenta� procedures using AgNPs and λmax of each AgNPs 

respective�y. 

AgNPs Volume (μL) λmax (nm) 

Chitosan 100 414 

PEI 10 400 

PEI-NaBH4 10 398 
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Figure 3.4 UV-Vis spectra of si�ver nanopartic�es synthesized with chitosan, PE� and PE� with NaBH4 using the 

vo�umes presented on the Tab�e 3.3. 

 

The increase of Ag content in suspension, leads to an increase of the intensity of the absorption peaks 

at 400 nm. Therefore, by calculating the concentration of each nanoparticle type and observing the 

absorption spectra, we can conclude that the suspension of PEI AgNPs was the most concentrated and 

Chitosan AgNPs the less concentrated, what was later verified when synthesizing the hydrogels. 

The chitosan-based nanoparticles (CS-AgNPs) have the highest wavelength with the SPR band at 414 

nm while the other two have it at ~400 nm (Figure 3.4). The results regarding the absorption spectra of 

CS-AgNPs were consistent with the work used as reference for its synthesis, with an SPR band at 420 

nm [57]. 

By observing the shape of the SPR absorption peak the size distribution of the silver nanoparticles can 

be deduced. In the case of monodisperse nanoparticles, the peak obtained in the spectrum will be 

symmetric. PEI and PEI-NaBH4 AgNPs show a symmetric peak (Figure 3.4) indicating an uniform and 

well dispersed size distribution [16]. 

Regarding photoluminescence (PL), using the same conditions to obtain the fluorescence spectra of 

each type of silver nanoparticles, the most fluorescent are CS-AgNPs. Comparing to the most 

fluorescent, using the areas under each spectrum, PEI-NaBH4 AgNPs had approximately 2/3 of the 

fluorescence, while PEI-AgNPs only 1/7. 

Transmission Electron Microscopy (TEM) was used to determine the size of silver nanoparticles used 

to synthesize AgNPs containing hydrogels and the images are shown in Figure 3.5 and Figure 3.6. 
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Figure 3.5 TEM images of chitosan based si�ver nanopartic�es, CS-AgNPs. 

 

TEM images of chitosan-based silver nanoparticles show mostly spherical nanoparticles with diameter 

of approximately 32 nm, while in the article from which the experimental procedure was withdrawn, the 

diameters obtain were between 6 - 8 nm [57]. This difference in the diameter of the particles can be 

due to the changes in the experimental procedure, since the size of the nanoparticles are affected by 

the amount of silver ions source and the temperature achieved during the synthesis process. Also the 

time of reaction can lead to differences in sizes. We have noticed that CS-AgNP have some tendency 

to aggregate with time. Nonetheless, from the peak of the absorption spectrum the expected size is in 

agreement the one we have obtained [59][77]. 

In other hand, silver nanoparticles synthesized using AgNO3 and NaBH4 were reported to have a λmax 

at 400 nm and a dark yellow color suspension, characteristic from spherical silver nanoparticles [59].  

The λmax measured showed to vary with time. Firstly, the SPR band of PEI-NABH4 AgNPs had a 

maximum at 403 nm, but after some time of being synthesized and subjected to ultrasounds, the peak 

suffered a blue shift of 5 nm. 

 

Figure 3.6 TEM images of PE�-NaBH4 si�ver nanopartic�es. 

 

TEM images of PEI-based silver nanoparticles reduced with NaBH4 show mostly spherical 

nanoparticles with diameter of approximately 16±8 nm. The diameters obtained in TEM, complemented 

with the absorption spectrum data, are consistent with the data available in a work were silver and gold 

d≈32±5 nm 

d≈16±8 nm 
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nanoparticles extinction and absorption efficiencies were studied. It has been reported that SPR peak 

wavelengths near 400 nm correspond to AgNPs with a diameter around 20 nm [58][75]. 

The amount of PEI and NaBH4 were shown to have an influence in the particle size obtained for the 

silver nanoparticles. Higher concentrations of PEI lead to a smaller particle size however, with increased 

amounts of NaBH4, even though it is a reducer, bigger nanoparticles were obtained (>20 nm) [58]. As 

the nanoparticles obtained in this case were predominantly smaller, it can be assumed that PEI was 

present in higher concentrations than the reducer NaBH4. 

 

Figure 3.7 Typica� FCS autocorre�ation curves for AgNPs in DW. 

 

FCS measurements were performed for AgNPs dispersed in DW. The hydrodynamic diameters 

obtained from applying the Stokes-Einstein equation (Equation 3.1, using the diffusion coefficient 

retrieved from the autocorrelation curves) were dH =22 nm and 47 nm, respectively, for AgNP with PEI-

NaBH4 and Chitosan. The fact that the sizes obtained for the AgNPs using FCS are larger than those 

obtained by TEM can be understood knowing that in FCS we measure the size of a sphere diffusing in 

a solvent plus solvent molecules that move along that sphere.  

D =
kT
6πRη

 

Equation 3.1 Stokes-Einstein equation. 

 

Where D is the diffusion constant, k is the Boltzmann constant, T the absolute temperature, h the 

viscosity and R the radius of the spherical particle. 

A red shift in the SPR band on the absorption spectrum follows the increase of the nanoparticle’s size, 

thus the results here obtained are coherent with the mentioned in literature [75]. Chitosan based silver 

nanoparticles have the SPR band at a higher wavelength, ~414 nm, and TEM images confirmed that 

effectively, CS-AgNPs have a bigger diameter. 

Also, during this work it was observed, that silver nanoparticles have the tendency to increase the λmax 

with time. As they tend to aggregate and form big agglomerates a red shift on the maximum peak can 

be observed [63][64]. Subjecting the suspensions to 40 minutes of ultrasounds in order to try to 
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disaggregate the AgNPs, it was observed that the AgNPs synthesized using PEI did not have the same 

peak at ~400 nm, which means they have no longer the initial size. Since the absorption spectrum was 

not the same as in the initial phase of the study, PEI AgNPs were no longer used for the remaining 

steps with GO and silver nanoparticles hydrogel synthesis. Additionally, this shift was followed by the 

change of the suspension’s color to a greener tone. The original yellowish color was also not recovered 

after the ultrasounds, supporting the conclusion that the nanoparticles had no longer the same initial 

characteristics. 

Contrarily to PEI-AgNPs, after being subjected to ultrasounds for a period of time, the other two types 

of AgNPs had absorption spectra quite similar, if not identical, to the obtained after their synthesis, 

having the SPR bands ±1 nm shifts. Concluding, the nanoparticles remained with the same size and 

the aggregation that could have occurred it can be assumed to be almost completely reverted. 

The interaction between GO and the reactants involved in AgNPs synthesis was studied recurring to 

UV-Vis absorption and fluorescence spectroscopy. The concentration of GO was kept constant (0.1 

mg/mL) during the measurements, being the concentration of PEI, Chitosan or any other component 

modified.  

 
Figure 3.8 UV-Vis absorption (A) and f�uorescence (B) spectra of GO1 and PE� (0.05, green, 0.1, purp�e, and 

0.25 mg/mL, b�ue). [GO1] =0.1 mg/mL; [PE�] =0.05, 0.1 and 0.25 mg/mL; λexc=400 nm. 

 

As it can be observed on Figure 3.8 A, there was no significant change in GO spectrum when adding 

PEI. As PEI itself absorbs in low wavelengths, with the increase of PEI concentration, the peak at 200 

nm also increases outweighing and hiding the characteristic peak of GO. The same was done with GO2 

and PEI, and identically to GO1, no major differences were observed in the absorption spectra. 

Such as for GO alone, steady-state photoluminescence was measured for both GO1 and GO2 with PEI 

(0.05, 0.1 and 0.25 mg/mL) at three excitation wavelengths: 400, 420 and 450 nm. After data treatment, 

it was verified that all three wavelengths lead to the same fluorescence spectra. For λexc=400 nm, the 

spectra presented in Figure 3.8 B was obtained.  

The clear PL maximum of GO1 around 580 nm ceases to exist upon addition of the polymer to the 

suspension, leading to a significant decrease of the samples’ PL. 
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The luminescence quenching of GO by PEI can be examined using a Stern-Volmer (SV) plot. In the 

simplest case of collisional quenching, the Stern-Volmer equation has the following form [49, Ch. 4]: 

𝐼'
𝐼
= 1 + 𝐾9: 𝑄  

Equation 3.2 Stern-Vo�mer equation. 

 

Where I0 and I are the fluorescence intensities observed, respectively, in the absence and in the 

presence of quencher, [Q] is the quencher concentration and Ksv is the Stern-Volmer quenching 

constant. In case the lifetime of the fluorophore in the absence of the quencher (t0) is known then we 

may calculate the bimolecular quenching rate kq, kq=Ksv/t0 whose value reflects the quenching efficiency 

or the accessibility of the fluorophore to the quencher [48][49]. 

 

Figure 3.9 Stern-Vo�mer p�ot for GO1 and GO2 with PE� (0.05, 0.1 and 0.25 mg/mL). [GO]=0.1 mg/mL. 

 

Instead of the intensity ratio, the area beneath each spectrum was calculated and their ratio plotted 

(Figure 3.9). With the increase of PEI concentration in solution, the ratio increases, showing the 

quenching effect that the polymer has on the GO fluorescence. This quenching effect is much less 

pronounced in the case of GO2, which has a very weak fluorescence itself, as it can be seen in Figure 

3.1 B. 

Opposite to what one would expect from Equation 3.2, the plot obtained is not linear. The downward 

curvature obtained for GO1 samples indicates that as the quencher concentration increases, its 

quenching effect decreases. This would happen if there were different emitters with different 

accessibility to the quencher or towards which the quencher would have distinct efficiency. Taking into 

consideration what was said above concerning the origin of GO luminescence, GO can be considered 

as an heterogeneous emitting system. In such cases, distinct emitters are not equally prone to collisions 

with PEI either due to steric hindrance or due to the different chemical nature, giving rise to a negative 

deviation from linearity in the SV plot.  

Assuming this to be the case, SV equation will then be written as follows: 
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𝐼'
𝐼
=

𝑓=
1 + 𝐾>?,= 𝑄

A

=BC

DC

 

Equation 3.3 Stern-Vo�mer equation for non-�inear data. 

 

where KSV,i is the Stern–Volmer constant for the ith species and fi is the fractional contribution of the ith 

species to the total fluorescence intensity. The full lines in Figure 3.9 represent the fittings of Equation 

3.3. 

In the case of GO2 the line is only to show that the same type of equation could fit the data. In the case 

of GO1, the data obtained is only interpreted qualitatively for we have a scarce number of points 

comparatively to the number of estimated parameters. The latter indicate that there is a population of 

85% of emitters that are quenched by PEI with Ksv≈114 mL/mg and another population of 15% emitters 

quenched with Ksv≈0.7 mL/mg.  

PEI exists in solution preferentially as rod-like chains due to electrostatic repulsion between different 

segments on the same chain. The extensive number of cationic amine groups which exist at distilled 

water pH (~5.5) are prone to interact with the anionic groups of GO. The number and location of the 

anionic sites of GO may condition PEI conformation, at a given pH. The effectual quenching is originated 

from the combination of hydrogen bonding and electrostatic interactions between amines in PEI and 

GO sheets, which promote quenching probably via an efficient charge transfer process. The quenching 

efficiency will then depend on the nature of the oxygenated group in GO.  

Absorption and fluorescence spectra were also taken for GO1 and Chitosan (0.05, 0.15 and 0.5 mg/mL) 

with the aim to verify if any structural change happened when mixing both elements.  

 

Figure 3.10 UV-Vis absorption (A) and f�uorescence (B) spectra of GO1 and chitosan. [GO1] =0.1 mg/mL; 

[Chitosan] = 0.05, 0.15 and 0.5 mg/mL. 

 

The characteristic spectral features of GO absorbance are kept even in the presence of increasing 

amounts of chitosan.  

Chitosan itself does not have any peak after 210 nm, so the shoulders observed for GO1+Chitosan at 

all concentrations came from the GO. Relatively to the spectrum of GO1, the addition of chitosan leads 
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to an increase of the intensity of the GO’s shoulders at 246 nm, slightly red-shifted respect to the original 

peak, and the increase of the intensity of the Soret band at 300 nm. 

Analogously, steady-state photoluminescence was measured for both GO1 and GO2 with chitosan 

(0.05, 0.15 and 0.5 mg/mL). Once more, PL maximum of GO1 around 580 nm ceases to exist upon 

addition of chitosan to the suspension, leading to a significant decrease of the samples’ PL. 

Nonetheless, the addition of 0.05 mg/mL of chitosan seems to have a lower quenching on GO than 

PEI, since the PL maximum is still visible in the spectra at this concentration (Figure 3.10 B). 

Furthermore, the same tests were done with GO2 with PEI and also with Chitosan.  

As seen in Figure 3.1 B, GO2 has almost no photoluminescence, thus the quenching effect of the 

polymers is null.  

Concluding, both polymers used for silver nanoparticles synthesis present a high quenching of GO’s 

photoluminescence. 

After testing the interactions between PEI and Chitosan with the GO, the interactions between the last 

and the different types of silver nanoparticles synthesized were tested. 

 

Figure 3.11 UV-Vis absorption (A) and f�uorescence (B) spectra of GO1 (red), GO1-CSAgNPs (green) and PE�-

NaBH4AgNPs (orange). [GO1] =0.1 mg/mL;	λexc=400 nm. 

 

The addition of nanoparticles to the GO suspension did not lead to any specific change in the absorption 

spectra as it can be observed on the Figure 3.11 A. There was no alteration in the λmax of any the AgNPs 

due to the mixture with GO; the spectra of GO+AgNPs are the exact junction of GO and AgNPs spectra 

alone.  

Comparatively to the spectrum showed in the Figure 3.4, there’s a slight shift ±1 nm in PEI-NaBH4 

AgNPs SPR due to the previously mentioned agglomeration of the nanoparticles with time, but mostly 

fixed with ultrasounds. 

The addition of nanoparticles to GO’s suspension leads the quenching of its luminescence. PEI-NaBH4 

AgNPs had a higher quenching effect. By analyzing the absorption spectrum, it was concluded that 

0

0.1

0.2

0.3

0.4

200 300 400 500 600

Ab
so
rb
aa
nc
e

Wavelength,	λ	(nm)

GO1
GO1+AgNPsCS
GO1+AgNPsPEI-NaBH4

0.0E+00

2.0E+07

4.0E+07

6.0E+07

478 578 678

IN
T/
O
D 4

00
nm

(a
.u
.)

Wavelength,	λ (nm)

GO1
GO1+CS	AgNPs
GO1+PEI-NaBH4	AgNPs

B

A 



 36 

these AgNPs were the most concentrated, which may account for the bigger effect than that induced 

by chitosan-based AgNPs. Nonetheless, part of the decrease on the luminescence of GO was 

originated by the presence of PEI, already shown to have a quenching effect itself. As for chitosan, the 

decrease on the luminescence caused by the CS-AgNPs is also provoked by the polymer itself. The 

quenching caused by the nanoparticles is in agreement with the observed above for the GO and 

polymers. 

In general, metal nanoparticles are efficient quenchers of many emitters such as dyes and polymers 

through a mechanism that may involve charge transfer or non-radiative energy transfer. The PL 

quenching of GO had already been reported for GO modified with AgNP which was used for detecting 

different biological species [42]. 

On another report, an effect of metal-enhanced fluorescence (MEF) by Au@SiO2 composite 

nanoparticles adsorbed to GO nanosheets, which led to a more than three-fold increase of the 

fluorescence intensity of GO, was discovered.  An important feature for this phenomenon to take place 

is the spectral overlap of the absorption/emission of GO and the SPB of the metal nanoparticle [27]. 

Although, in our case there is an overlap between GO absorption and the SPB of the several 

synthesized AgNPs, there is no evidence of a MEF effect. Since this process is also conditioned by the 

inter-distance of both GO and AgNP, and depending on this parameter we may have a quenching (short 

distances) or a MEF effect (longer distances) from the nanoparticles, we may conclude that the former 

effect is promoted in our case where the average distances between GO and AgNP are short. 

3.1 .3 .  HYDROGEL 	

The same results obtained prior for the nanoparticles synthesis for interaction between graphene oxide 

and PEI/Chitosan were used to help synthesize and characterize the hydrogels. As it was observed in 

the figures, no structural changes happened as a result of the mixture of these components such as no 

evidence of aggregates or complex formation. 

When synthesizing the GO based hydrogel with PEI, the addition order showed to have influence 

whether the hydrogel would form or not. Adding the GO to a previously prepared PEI solution seemed 

to favor the formation of GO hydrogel rather than the posterior addition of the PEI to a GO suspension. 

The hydrophilic functional groups present in GO sheets are capable of forming hydrogen bonds with 

amines and amine-containing molecules. Thus, PEI is able to facilitate de gelation of GO [10]. 

Amino acids were also used in an attempt to synthesize hydrogels, consequently tryptophan interaction 

with GO and PEI-NaBH4 silver nanoparticles was analyzed recurring to UV-Vis absorption and 

fluorescence spectroscopy. 

First, the interaction between tryptophan and GO was tested, with amino acid concentrations of 0.002 

and 0.005 mg/mL.  
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Figure 3.12 UV-Vis absorption spectra of GO1, tryptophan (0.002 mg/mL, secondary axis) and GO1 with 

tryptophan. [GO1] =0.1 mg/mL; [Tryp] =0.002 and 0.005 mg/mL 

 

When blending GO with tryptophan, the characteristic peak of tryptophan at 280 nm shapes into a 

shoulder due to the contribution of GO’s peak at 230 nm [78]. Also, GO’s shoulder at 300 nm appears 

in the new suspension spectrum. Besides these changes resulting from the overlapping with GO 

spectrum, no position changes were observed. The λmax from tryptophan remains the same. 

The following step consisted in combining the nanoparticles with tryptophan and GO, as they were as 

well a component key of the hydrogels regards the main goal, graphene-based hydrogel containing 

metal nanoparticles. 

 

Figure 3.13 UV-Vis absorption spectra of tryptophan with PE�-NaBH4 based si�ver nanopartic�es, and with GO1. 

[GO1] =0.1 mg/mL; [Tryp] =0.005 and 0.01 mg/mL. 

 

The concentration of graphene oxide was kept constant, at 0.1 mg/mL, during the interaction tests 

between GO and other components. It was expected to see a slight formation of a shoulder at 230 nm 

originated from GO’s spectrum since at this concentration the absorbance achieved was around 1.0 

a.u. Nevertheless, no change was observed in the spectrum as a consequence of adding GO. 

The trough present at ~250 nm comes from the tryptophan, but when combining with GO1, this trough 

stopped being as pronounced as it originally was, as seen in Figure 3.12. Nonetheless, when adding 

0

0.2

0.4

0.6

0.8

0

0.5

1

1.5

2

2.5

3

215 265 315 365

Ab
so
rb
an

ce

Wavelength,	λ (nm)

GO1	(0.1	mg/mL)
GO1+Tryp	(0.002	mg/mL)
GO1+Tryp	(0.005	mg/mL)
Tryp	(0.002	mg/mL)

0.0

0.5

1.0

1.5

210 260 310 360 410 460 510

Ab
so
rb
an

ce

Wavelength,	λ (nm)

Tryp+AgNPs
GO1+AgNPs+Tryp	(0.01	mg/mL)
GO1+AgNPs+Tryp	(0.005	mg/mL)



 38 

the silver nanoparticles to the GO1+Tryp set, the trough suffered no modification, remaining 

approximately at 0.5 a.u. as in tryptophan-alone spectrum. Besides that, the spectrum of 

GO1+AgNPs+Tryp, was the result of overlapping the spectra of PEI-NaBH4 AgNPs and tryptophan, 

with the appearance of the SPR band at 398 nm. 

Hydrogels are materials with a wide range of qualities such as biocompatibility, elasticity and swelling 

capacity. Polymeric hydrogels additionally show a responsive behavior to changes in their 

surroundings, such as temperature, pH, the ability to store and restrain functional groups. Despite all 

these advantages, the traditional hydrogel still has poor mechanical properties compared to other 

materials and they have small equilibrium-swelling ratio besides of having limited functional properties 

[1–3]. The addition of GO has the aim to offset this disadvantages and increase the surface area and 

the mechanical strength of the hydrogel. 

The hydrogel samples used for characterization of PAM hydrogels consisted in small circular discs with 

approximately 7 mm diameter, containing 200 μL of the solution used to synthesize PAM hydrogel, as 

described in Material and Methods section. Hydrogel characterization was done using ground-state 

diffuse reflectance (GSDR) for samples of PAM and PAM-GO hydrogels synthesized with AgNO3 as 

polymerization enhancer. None of the hydrogels synthesized either with PEI or Chitosan had the right 

consistency or shape to be subjected to GSDR. 

In the hydrogel, the silver salt, the silver ions get adsorbed in its network by ion exchange interactions 

with the hydrogels’ functional groups. These interactions may be enhanced by the presence of 

graphene oxide, originating a more robust hydrogel with improved properties. The carboxyl and 

hydroxyl groups existing on the GO’s surface interact with the amide groups of PAM by forming strong 

hydrogen bonds [10][15][79]. 

The curves represent the remission function F(R) as a function of wavelength in the range 300-800 nm 

[80].  

Also GSDR was done for samples of hydrogel, with and without GO, with silver nanoparticle synthesized 

in situ using NaBH4 as reducer.  

 

Figure 3.14 GSDR spectra of PAM (A) and PAM-GO (B) hydroge�: contro� and with si�ver nanopartic�es 

synthesized in situ reduced with NaBH4. 
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Control PAM hydrogel was translucent, almost transparent, allowing all the light to pass through the 

hydrogel as it can be observed on the Figure 3.14 A. However, when adding the nanoparticles to the 

hydrogel, the light did not pass entirely. The different particles scatter the light that was passing through 

the hydrogel changing the reflectance of the lamp.  

 

Figure 3.15 PAM hydroge� contro� (A) and PAM-GO hydroge� with AgNPs synthesized in situ (B). 

 

The number of nanoparticles formed in the hydrogel was not completely controlled. Following the 

previously described protocol to PAM hydrogel synthesis with AgNO3, the amount salt present in each 

disc synthesized (200 μL) was around 40 mg. Nevertheless, it is not possible to guarantee that the 

distribution of silver ions is homogeneous when distributing the total volume to form the discs. This 

inconsistency can lead to different intensities on the absorption spectra of the discs, since the quantity 

of nanoparticles is not uniform in every disc. 

In the Figure 3.14 A it can be observed that the maximum peak of both PAM+AgNPs spectra is not the 

same. Likewise, the amount and distribution of salt inside the hydrogels cannot be controlled, neither 

can the reduction process. The hydrogel network controls the reduction rate and the free-space 

between gel networks and thus different size nanoparticles were obtained. The number of nanoparticles 

formed in each hydrogel can be predicted but not all hydrogels will have in their core the same quantity 

and type of nanoparticles, what is evidenced by a red shift in the λmax shown in the figure [59][64]. 

A slight difference in the maximum peak wavelengths can also be observed when analyzing PAM-GO 

absorbance spectra. 

In short, GSDR spectrum was used to confirm the presence of silver nanoparticles within the hydrogel 

matrix. In situ synthesis of silver nanoparticles by reduction of AgNO3 within a GO-based hydrogel was 

successfully achieved. 

For morphology tests SEM images were recorded for different sets of hydrogels with different 

compositions. Control samples were PAM and PAM-GO hydrogels and the test samples were the two 

types of hydrogels containing nanoparticles, CS and PEI-NaBH4 AgNPs. The samples were subjected 

to several hours of vacuum, until dry, and were coated with a thin layer of palladium gold. 

Different magnifications were used to obtain the captions of the hydrogels. 

A B 
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Five samples were analyzed recurring to SEM, nonetheless only two of them conserved its original 

shape (disc) after the treatment with vacuum and gold coating: PAM and PAM-GO PEI-NaBH4 AgNPs. 

The rest of the samples suffered some kind of deformation. 

The pore sizes within hydrogels have been found to depend on a number of factors, such as initiator, 

crosslinker, reaction temperature, concentration of monomer, and water uptake [1][2].  

Two different zones were found when covering the surface of PAM hydrogel. In the image B it can be 

observed mostly a flat surface. Dark parts of the image are areas with more depth. In the image A that 

the hydrogel’s surface has a porous structure whereas in image B it is visible that the surface contains 

some channels and slots.  

 

Figure 3.16 SEM images of PAM (A) and PAM-GO (B) hydroge�s. 

 

When GO was added, the GO nanosheets dispersed in PAM and made the hydrogel stiff, still some ice 

crystals seem to have grown in the interstitial regions during the vacuum step. It can be observed that 

the pores in PAM-GO hydrogel are smaller than in PAM hydrogel.  

SEM images also allowed verifying the presence of preformed silver nanoparticles within the hydrogels 

both in the absence or in the presence of GO. Quite distinct images of the surface are obtained upon 

the addition of preformed AgNPs to PAM hydrogels. A good coverage of the latter with well-dispersed 

AgNPs is obtained with sizes that are within the range of data previously obtained by TEM and FCS 

(see sections above). 
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Figure 3.17 SEM images of PAM PE�-NaBH4 AgNPs hydroge� at different magnifications. 

 

In PAM-GO hydrogels containing nanoparticles in the network, some long and thin 3D porous 

nanostructures can be observed. These nanostructures are the network structures of the hydrogel 

where some silver nanoparticles can deposit. Similar results were reported in a study with PAM-PEG 

hydrogels also containing silver nanoparticles [64]. 

 

Figure 3.18 SEM images from different regions of PAM-GO PE�-NaBH4 AgNPs hydroge�. 

 

Images of PAM-GO PEI-NaBH4 AgNPs (Figure 3.18) and of hydrogels show a lean surface with no 

interstices or channels on it, contrarily to what was observed on PAM-GO hydrogel (Figure 3.16 B). The 

spherical silver nanoparticles are visible and can be observed throughout the surface of the hydrogel.  
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Figure 3.19 SEM images from different magnifications of PAM-GO CS-AgNPs hydroge�. 

 

Some nanoparticles can also be observed on the surface of the hydrogel, mainly in aggregate form on 

image B. Yet in Figure 3.19 A, image from a different region of the hydrogel, some nanoparticles can 

be observed in the surface of the long nanostructures. 

When synthesizing PAM hydrogels with silver nanoparticles, as mentioned previously, temperature was 

used to initiate the polymerization process. However, when synthesizing the hydrogels with CS-AgNPs, 

it was observed that no temperature was needed for the hydrogel to be formed. 2-3 minutes after 

making the mixture with the acrylamide, CS-AgNPs, MBA and KPS, the hydrogel would form itself 

without temperature aid. 

Concluding, chitosan may have played an important role in the polymerization process of the hydrogel, 

making unnecessary the use of temperature. Alternatively, the amount of AgNO3 consumed to 

synthesize the silver nanoparticles was relatively low, leaving a high concentration of the salt to be 

consumed by other reaction. In this case, the AgNO3 may have been used as an enhancer of the 

polymerization process as it was previously known. 

FLIM images of the produced hydrogels were obtained using the fluorescence of R6G adsorbed to 

these structures. In the absence of the adsorbed dye no signal could be detected from the PAM 

hydrogel. At the used concentrations, R6G is in its monomeric form and the average lifetime peaks 

around 3.5 ns which is slightly shorter than the value obtained in water (~4.0 ns taken from [81]). In the 

absence of GO, it is possible to detect a very porous surface for the PAM hydrogel, consistent with 

SEM and literature data [82].  

1	µm

A

100	nm

B
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Figure 3.20 �ntensity image (A), FL�M image (B) and average f�uorescence �ifetime distribution (C), obtained 

from decay ana�ysis of about 20 point measurements of R6G adsorbed to PAM and to PAM-AgNPs hydroge�s. 

Sca�e bar represents 10 µm. 

 

The introduction of preformed AgNPs lead to a decrease in lifetime distribution especially in the case 

of PAM-AgNPs (PEI-NaBH4) hydrogel pointing out the preferred interaction with R6G. No apparent MEF 

effect could be detect with either preformed AgNPs, which indicates a close proximity between dye-

AgNPs. 

A similar study was carried out using PAM-GO hydrogel. In this case a background signal could be 

detect due to the intrinsic fluorescence of GO which was not entirely quenched upon its combination 

with PAM. However, under the excitation conditions required to obtain FLIM images of PAM-GO 

hydrogels with adsorbed R6G, no contamination from that background was observed. The results 

obtained, Figure 3.21, clearly show the GO sheets where R6G is preferentially located. 

 

Figure 3.21 FL�M images (A), PAM-GO; B, PAM-GO PE�-NaBH4 AgNPs hydroge�s and average f�uorescence 

�ifetime distribution (C), obtained from decay ana�ysis of about 20 point measurements, of different PAM-GO 

hydroge�s. Sca�e bar represent 2.5 µm (A) and 4.0 µm (B). B’ is the corresponding intensity image of B. 
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R6G is strongly quenched by GO as expected from steady-state results reported elsewhere [36]. The 

small contribution from longer fluorescence lifetimes (image C) are due to represent R6G interactions 

with PAM and water (Figure 3.21 A). 

The presence of preformed AgNPs, in both cases studied, lead to a decrease of the long fluorescence 

lifetimes, which change from 3.5 ns peak to 3.0 and 2.3 ns respectively, for PAM-GO with CS-AgNPs 

and with PEI-NaBH4 AgNPs. In the case of the latter, a second lifetime population appears centered at 

1.3 ns. This clear decrease in fluorescence lifetime, which is followed by an increase in fluorescence 

intensity (image B’) can be an indication of MEF. 
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3.2. RHODAMINE	6G:	SWELLING	AND	ADSORPTION		

One of the applications of hydrogels is dye removal from wastewaters using as procedure the 

adsorption of the dye to its network. Taking this into account, graphene oxide was added to the 

hydrogel’s composition with the aim to increase its surface area, its stability and enhance hydrogel 

intrinsic properties [8][79]. 

Later, silver nanoparticles were added to the hydrogel, which are known to change its mechanical 

strength and thus change the swelling properties of the hydrogel. Furthermore, AgNPs are known to 

have antibacterial properties, allowing summing another interesting characteristic and one more utility 

to the hydrogel. 

The relation between the composition of the hydrogel and the capture efficiency of a constant 

concentration of dye was investigated. 

The removal efficiencies of dyes, initial and final concentrations of R6G, cationic dye, and 2-nitrophenol, 

anionic dye, solutions, were determined by UV-Vis absorption intensity, following the changes at their 

maximum absorption wavelength.  

PAM hydrogels can absorb high amounts of water and its swelling capacity is not very sensitive to pH 

mainly due to the absence of ionizable groups [83]. However, because water does not contribute to 

mechanical strength, these hydrogels present poor mechanical properties, in addition to its poor 

biodegradable properties.  

The as-prepared hydrogel discs (200 μL) were immersed in falcon tubes containing 12 mL of buffer 

with a constant concentration of dye, R6G or 2-nitrophenol (5.0-8.0 μM) at room temperature. Several 

samples of the buffer-dye solution were collected during a given period of time and the respective 

absorption spectra were measured in order to determine the amount of dye adsorbed in the hydrogel. 

 

Figure 3.22 Tubes with the hydroge� discs in R6G-buffer so�ution. 

 

Dye adsorption was determined using four different pH values of phosphate citrate buffer (2.0, 4.0, 5.0 

and 7.4). Since GO-based hydrogels are commonly used in several applications, their behavior was 

studied at varied pH values. More acidic pH’s were chosen due to the acidity of the normal wastewaters 
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found in the environment regularly. Also a neutral pH of 7,4 was used, as it is a common pH in human 

body.  

3.2 .1 .  SWELL ING 	STUD IES 	

Swelling studies were made to determine the amount of buffer absorbed through time by the hydrogels, 

for that, the as-prepared hydrogel discs were weighed before the process of buffer absorption and after 

24 or 30 hours of immersion [2][79][84].  

The swelling ratio measures the increase on the disc weight after a time, t, of buffer intake relatively to 

the initial hydrogel disc weight and it was calculated using the following formula: 

𝑆𝑅 =
𝐷HI − 𝐷H'

𝐷H'
∗ 100% 

Equation 3.4 Swe��ing ratio 

 

Where SR is the swelling ratio, Dwt the weight of the hydrogel disc after t time of absorption and Dw0 is 

the initial weight, before starting the swelling test. All the hydrogel discs’ weight was relatively similar, 

initial weights between 0.135 and 0.156g were measured. In this case, the hydrogels were weighed 

after 30h of absorption. All the hydrogels basically maintain their original shape, and no migration of the 

GO from the hydrogel into the solution was observed during the swelling process. For the absorption of 

the solution, the following percentages of swelling of the control discs, PAM and PAM-GO, were 

obtained. 

Tab�e 3.4 Swe��ing ratio for contro� PAM and PAM-GO hydroge�s for pH2,4,5 and 7.4. 

Swelling ratio (%) PAM PAM-GO 

pH2.0 253.1 180.0 

pH4.0 228.4 182.2 

pH5.0 263.4 151.6 

pH7.4 226.2 148.3 

 

Analyzing the swelling ratios present in the Table 3.4, we may conclude that PAM hydrogels absorb 

high amounts of buffer and that this capacity is not dependent on the aqueous solution pH (less than 

15% difference which is within error). This may be explained by the absence of ionizable groups in 

PAM. Likewise, the solution pH does not seem to influence significantly the swelling capacity of PAM-

GO hydrogels within the pH range studied (less than 20% change), what is in accordance with other 

results obtained for PAM-GO hydrogels swelling capacities at the given pH values [85]. Another 

important aspect is the fact that GO addition leads to a decrease of the swelling capacity of the hydrogel 

at every pH tested, thus the lower intake of buffer. The same work mentioned above, where the swelling 

capacity of hydrogels synthesized with PAM and GO was tested, also reported that the increase of GO 

concentration within the hydrogels leads to a decrease in its swelling.  



 47 

It is known that the swelling properties of the hydrogels depend mainly on the effective cross-link density 

of the hydrogels. GO could act as an additional cross-linker, thus increasing the cross-link density and 

therefore, leading to the reduction of the swelling ability. GO was reported, under certain conditions, to 

be able to produce hydrogels by itself without any other molecules. In fact, for concentrations above 

4mg/mL, lowering the pH to 0.6, leads to an increase of almost 40 times GO’s viscosity [15]. 

At acid pH values, the carboxyl, hydroxyl and epoxy groups of GO sheets are protonated, weakening 

the repulsion existent between the sheets approaching them to each other but enhancing their 

hydrogen-bonding [36][15]. This effect could lead to gelation or precipitation of GO sheets. While in 

GO-based hydrogel the sheets are randomly oriented, in the precipitated GO, the sheets are well 

oriented (stacked). One aspect that seems to control the process evolution upon acidification is the 

lateral sizes of the GO sheets: larger sheets have more mobility and therefore will preferably tend to 

hydrogel formation, which is a process kinetically favored compared that of precipitation. The latter 

requires a defined orientation of the sheets which is faster for GO sheets with smaller lateral 

dimensions. This explains why we could not produce hydrogel under acidic conditions. The fact that 

GO sheets have a very large lateral dimension seems to contribute for its gelation in detriment of 

precipitation, which takes place with sheet smaller than 1 µm [15]. 

In the case of PAM-GO hydrogel, strong hydrogen-bonding interactions take place between the 

hydroxyl and carboxyl groups of GO nanosheets and the polymer chains, forming a more compact and 

robust network, leading to an enhancement of hydrogel’s mechanical strength and diminishing the 

swelling capacity [2][60][79]. 

The graphene based hydrogel showed to be more compact and robust than PAM hydrogel without GO 

in agreement with SEM results showed above. Similar results were obtained from other work results for 

swelling tests with graphene-based PAM hydrogels [79]. 

Subsequently, and analogous to control hydrogels, the swelling ratio was calculated for PAM and PAM-

GO hydrogels containing AgNPs. For these the swelling ratios were calculated using discs’ weight after 

24h of buffer-dye absorption instead of 30h. 

Tab�e 3.5 Swe��ing ratio for a�� types of PAM hydroge�s at pH4.0 and 7.4. 

Swelling 
ratio (%) 

PAM PAM-GO 

Control CS-AgNPs 
PEI-NaBH4 

AgNPs 
Control CS-AgNPs 

PEI-NaBH4 
AgNPs 

pH4.0 228.4 96.6 97.7 182.2 261.2 213.1 

pH7.4 226.2 97.8 91.1 148.3 283.6 214.3 

 

The discs were not synthesized all in the same occasion. The conditions were tried to be kept the same 

during all the synthesis processes, i.e. composition ratios, temperature, time, etc. Nevertheless, the 

control on all these parameters is not total, wherefore, some of the results may be affected by it. Also, 

due to the hydrogels’ different composition, the synthesis method had some alterations, mainly resulting 

in different hydration states of the hydrogels prior adsorption. 
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The decrease of the swelling ratio associated with the addition of GO to the hydrogel was compensated 

with the enhancement of its mechanical properties, which lead to a more efficient use of the hydrogels. 

On the other hand, the addition of the nanoparticles to the graphene-based hydrogel allowed not only 

to recover the initial swelling capacity of the hydrogel but also to enhance this capacity to more than 

200%. The incorporation of silver nanoparticles, as well as the GO, increased hydrogel’s mechanical 

properties [34]. 

The suspension containing the silver nanoparticles, also contains free chains of the polymers used for 

its synthesis. These chains can still interact via hydrogen bonding with the GO nanosheets within the 

hydrogel. The nanoparticles can help create a wider network, with more channels to accommodate the 

buffer and the dye. 

For PAM-GO CS-AgNPs hydrogels, the difference of swelling shown between both pH values is caused 

by the charges present in within the hydrogel. At a more basic pH, the molecules experience an increase 

of the repulsion forces between them since chitosan, as well as GO, is negatively charged at the given 

pH (chitosan pKa 6.5). This results in a wider network into the hydrogel allowing it to absorb a higher 

amount of aqueous solution [60]. 

A study with poly(acrylic acid) hydrogels, showed that the increase of the swelling ratio on nanoparticles 

containing hydrogels resulted from an increase on the surface area and the porosity of the hydrogel 

[34]. 

As the results, in terms of pH values, were all quite similar regarding the amount of dye adsorbed and 

the UV-Vis spectra obtained, the number of pH values tested was reduced to two for the case of AgNPs 

containing hydrogels, pH4.0 and pH7.4. 

3.2 .2 .  R6G	 INTAKE 	BY 	PAM	AND 	PAM-GO	HYDROGELS 	

The characteristic UV-Vis absorption intensity of R6G at 526 nm decreased with time, since the dye 

concentration was diminishing as it was being adsorbed to the disc [23][86]. Dye intake could also be 

observed by the changing of color in the buffer-dye solution and of the hydrogel itself.  

 

Figure 3.23 PAM (A), PAM-GO (B) hydroge�s and dye remova� samp�es (C). 

 

B A C 
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For all the spectra presented below, the sample taken at 0 minutes corresponded to the buffer-R6G 

solution sample, where no disc was immersed on the liquid, and therefore, the spectrum obtained was 

the spectrum of R6G alone, with λmax at 526 nm. 

 

Figure 3.24 UV-Vis spectra of the co��ected samp�es from R6G adsorption by PAM hydroge�, at pH4.0 (A) and 

7.4 (B). 

 

As the concentration of dye in the aqueous solution decreases with time, it can be confirmed that the 

hydrogel is in fact adsorbing the dye within its network. In the first 30 minutes of contact, there was a 

big decrease of R6G concentration, approximately 50%. From that point on, the dye removal 

percentage for every pH increase only ~5%. This could mean that most part of the adsorption happens 

within these first 30 minutes. The adsorption of R6G happens at a lower rate when in contact with the 

hydrogel for longer periods of time. 

As R6G concentration did not decrease significantly between the first 30 minutes and 27 hours of 

contact, another sample of the solution was collected after a few days of contact to see if any significant 

change would happen. A change is observed, nevertheless is still small. 

With time, a blue shift can be observed from 526 to 520 nm. After 5 days of immersion, the spectrum 

obtained still kept the blue shift. Also the shoulder at 495 nm starts losing its shape with time, almost 

disappearing indicating maybe the formation of a different structure. 

For PAM-GO hydrogel the following absorption spectra was obtained for the estimation of R6G 

concentration at pH2.0 and 7.4 for the collected samples. The absorption spectra obtained for the other 

pH values can be consulted in the annexes (Figure 6.4). 
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Figure 3.25 UV-Vis spectra of the co��ected samp�es from R6G adsorption by PAM-GO hydroge�, at pH2.0 (A) 

and pH7.4 (B). 

 

GO is negatively charged inside the hydrogel at both pHs under study considering the negative values 

of the zeta potential, so, the cationic dye adsorption is induced by multiple interactions: electrostatic 

interactions, π-π interaction and hydrogen bonding [2][36][79]. 

With time, the concentration of R6G reduces in solution, since the dye it’s adsorbing to the hydrogel. 

Additionally, with the decrease of the maximum peak, a significant blue shift can be observed over time.  

Such as it happened for PAM hydrogel, in this case the adsorption also occurs faster in the first 30 

minutes of contact with the dye, removing more than 60% of R6G from the buffer. From that point on, 

the removal increased only, in average, 25%. 

The λmax starts at 526 nm with the first sample and after only 30 minutes of immersion, the maximum 

changes to 518,5 nm. The lowest wavelength achieved is 516 nm for 3 hours and 5 hours and 30 

minutes, orange and pink line respectively. 

As it can be seen in the Figure 3.25 B, just after 24h the peak starts shifting back to its original 

wavelength, but still, after 4 days it remains at 520 nm. 

These wavelengths correspond to the data obtained for pH7.4, nevertheless this blue shift was also 

observed in the other pH values from 526 nm to 516 nm. After 4 days of contact, only at pH7.4 the R6G 

peak reaches a wavelength close to the original. The remaining samples go back to 518 nm. 

Similar to what happened with PAM hydrogel, the shoulder 495 nm almost vanishes with the increase 

of contact time. 

For another rhodamine, rhodamine 101 (Rh101), a red shift of the absorption band maxima was 

reported when interacting with GO, from 575 to 582 nm. This shift was attributed to the attachment of 

both GO and Rh101 dye molecules. Additionally, the monomer absorbance of Rh101 in the aqueous 

dispersion decreased upon the addition of the GO, as well as the dimer band at 536 nm disappeared, 

similar to what happened with R6G after being in contact with the hydrogels [36].  
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Nevertheless, the disappearance of R6G shoulder also happens when in contact with PAM hydrogel, 

not only with PAM-GO. We can assume that besides GO, PAM as well has its contribution to this 

phenomenon. 

R6G removal was calculated using Lambert-Beer equation (Equation 1.1), with the absorbance 

measured at 529.5 nm, wavelength at which the extinction coefficient is known (e=116,000 M-1cm-1) 

[86]. 

𝐷𝑅 =
𝐴' − 𝐴MNO.MAQ

𝐴'
∗ 100% 

Equation 3.5 Dye remova� 

 

Where DR is the dye removal, A0 is the absorbance of the dye stock solution at the respective test pH 

and A529.5nm is the absorbance at 529.5 nm of the supernatant collected at different contact times.  

Tab�e 3.6 Dye remova� ratios of PAM and PAM-GO discs at the different work pH va�ues. 

DR (%) PAM PAM-GO 

pH2.0 72.4 92.5 

pH4.0 70.4 91.9 

pH5.0 83.0 90.9 

pH7.4 69.7 86.1 

 

For both hydrogel types the adsorption capacity reduces with the increase of pH. At acidic pH the GO 

sheets are protonated thus have less repulsion between them.  

The charge on the inside of the hydrogel at a particular pH determines the kind of interactions occur 

between the hydrogel (i.e. the GO and the AgNPs) and the dye molecules [34]. At higher pH values, 

GO’s surface has negatively charged functional groups what enhances its capacity to bind to cationic 

molecules. Nevertheless, the dye removal percentage is not in accordance with this statement. GO may 

have more negative charge when in basic surroundings but when adsorbing R6G, part of these 

functional groups must be occupied and linked to the polymers network and protonated. 

The presence of GO in the hydrogels network results in an increase of the its surface area, thus 

improving the drug loading ratios of the hydrogels The increase in the adsorption capacity in these 

hydrogels when GO is introduced, may be due to the interactions between the hydroxyl and carboxyl 

groups of GO and the PAM chains, which provide better load transfer between the PAM matrix and GO 

nanosheets. Therefore, the presence of GO in the PAM-GO network modifies the hydrophilic character 

of the hydrogel, producing a change in its affinity for the dye [2][85]. 

To understand adsorption kinetics for the adsorption of R6G, and later of 2-nitrophenol, the 

experimental data was fitted applying a pseudo-second order model [34].  
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The integrated mathematical equation for the pseudo-second order model is expressed by the following 

equation:  

𝐷𝑅 = 	 𝑘N𝐷𝑅QSTN 𝑡
1 + 𝑘N𝐷𝑅QST𝑡

 

Equation 3.6 Adsorption pseudo-second order kinetics mode�. 

 

Where DR is the dye removal (% dye removed), DRmax the maximum dye removal that can be achieved 

and k2 the pseudo-second order constant (min-1.% dye removed-1). The values of DRmax and k2 can be 

obtained from the slope and intercept of plots of t/DR vs. t, respectively.  

𝑡
𝐷𝑅

= 	 1
𝑘N𝐷𝑅QSTN + 𝑡

𝐷𝑅𝑚𝑎𝑥
 

Equation 3.7 Linearization of the pseudo-second order kinetics mode�.  

 

 

Figure 3.26 Pseudo-second order adsorption kinetics of R6G by PAM-GO for pH2.0 and pH7. �nset: 

Linearization representation. 

 

The following table presents the values obtained for the parameters of the kinetics, in the case of PAM 

and PAM-GO hydrogels. 

Tab�e 3.7 Kinetics parameters for the adsorption of R6G onto PAM and PAM-GO hydroge�s. 

	 PAM	 PAM-GO	

pH	 DRmax		
(%	Dye	removed)	

K2		
(min-1.%	Dye	removed-1)	

DRmax		
(%	Dye	removed)	

K2		
(min-1.%	Dye	removed-1)	

2.0	 73.0	 1.3x10-4	 92.6	 2.1x10-4	

4.0	 70.9	 9.5x10-5	 92.6	 2.2	x10-4	

5.0	 84.7	 3.4	x10-5	 90.9	 2.2x10-4	

7.4	 70.4	 1.0x10-4	 86.2	 2.4x10-4	
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For k2, the higher the value, the faster occurs the adsorption process of the dye to the hydrogel’s 

network. The fastest adsorption, according to the parameters calculated for a pseudo-second order 

kinetics, happens for both hydrogels at pH2.0 and 4.0 . An enhancement of both adsorption 

capacity and rate is observed with the addition of GO to the hydrogel. Concluding, a graphene oxide-

based hydrogel has a higher adsorption capacity and this adsorption additionally happens at a higher 

rate. 

Studies have shown that GO nanosheets have a high theoretical surface area and could efficiently 

adsorb different dyes through multiple interactions. The insertion of GO results in excellent R6G 

adsorption rates, since the latter is a cationic charged dye. Also, this process has shown to be highly 

pH dependent in aqueous solution [2][8][34][36]. 

In this case, it can be observed that the capacity of dye removal decreases with the increase of pH. 

It can be concluded that the addition of GO to the hydrogel’s composition leads to an increase of its 

adsorption capacity towards R6G. Additionally, the adsorption rate suffers an increasing indicating an 

acceleration of the dye adsorption when using PAM-GO instead of PAM hydrogel. This enhancement 

nevertheless, has as drawback the decrease of the hydrogel’s swelling capacity, as it became more 

robust and with a tighter network. These changes do not allow the same buffer absorption as PAM 

hydrogel. 

3.2 .3 .  R6G	 INTAKE 	BY 	AGNPS-CONTA IN ING 	PAM	HYDROGELS 	

The hydrogels with silver nanoparticles were synthesized recurring to temperature as polymerization 

trigger and they did not have AgNO3 as initial hydrogel component. 

As a consequence, from the results obtained previously, the time at which the samples were collected 

was changed in order to have more uniformly distributed data in time. More samples were collected in 

the first minutes of dye removal by the hydrogel, as the adsorption process seemed to happen faster in 

its first moments (from minute 0 to 1 hour of immersion). 

For pH4.0 and pH7.4, the following absorption spectra were obtained for the estimation of R6G 

concentration for the collected samples, with PAM with chitosan based AgNPs immersed in R6G 

solution. 
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Figure 3.27 UV-Vis spectra of the co��ected samp�es from R6G adsorption by PAM Chitosan based AgNPs 

hydroge�, at pH4.0 (A) and pH7.4 (B). 

 

The concentration of R6G in solution was followed by UV-Vis, for the most acid pH, chitosan based 

AgNPs hydrogel showed to be the less adsorbent hydrogel.  

There are small differences in intensity of the peaks, as expected. Nonetheless, the shape of the bands 

and their positions did not show any observable changes. After 24h of immersion in buffer containing 

R6G, dye’s concentration varies too little, approximately 11%. The addition of GO, negatively charged, 

seems to enhance the hydrogels capacity to adsorb the R6G. 

In the case of PAM PEI-NaBH4 AgNPs hydrogel, the spectra of R6G adsorption obtained at pH7.4 are 

shown. 

 

Figure 3.28 UV-Vis spectra of the co��ected samp�es from R6G adsorption by PAM PE�-NaBH4 AgNPs hydroge�, 

at pH4.0 (A) and pH7.4 (B). The secondary axis on A is re�ative to 24h samp�e. 

 

Rhodamine 6 G peak at 526 nm suffers a shift to lower wavelengths while being adsorbed and being 

in contact with the hydrogel containing PEI-NaBH4 AgNPs. 

On Figure 3.28 B, the spectrum of the sample collected after 24h, with absorbance in the secondary 

axis, is purposely located next to 0 minutes, R6G spectrum, to compare both samples λmax. The lowest 

wavelength reached was 518 nm for the last 3 samples taken during the adsorption: 3, 9 and 24 hours. 

The biggest shift in the R6G peak, of 2.5 nm, happens from 2 to 3 hours of contact. 
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Figure 3.29 UV-Vis absorption spectra of R6G adsorption by PAM-GO with CS-AgNPs at pH4.0 (A) and pH7.4 

(B). 

 

As it happens for PAM hydrogel containing CS-AgNPs, the PAM-GO shows a better adsorption of R6G 

at the highest pH, demonstrating the influence of the pH. 

As seen in the Figure 3.29, there no shift observed on the maximum peak of R6G when using PAM-

GO CS-AgNPs hydrogels as adsorbents. These silver nanoparticles seem to have a stabilizing effect 

of the rhodamine, both in PAM and PAM-GO. 

Adsorbents containing chitosan have shown potential as alternatives to the conventional methods of 

dyes removal. Chitosan derivatives and composites showed to efficiently remove heavy metal ions, 

dyes and proteins molecules [87]. 

 

Figure 3.30 UV-Vis absorption spectra of R6G adsorption by PAM-GO with PE�-NaBH4 AgNPs at pH4.0 (A) and 

pH7.4 (B). 

 

When adding PEI-NaBH4 AgNPs the blue shift is once again visible in the spectra of R6G, after one 

hour of contact, the lowest peak wavelength is reach, 518 nm. Yet the last samples show a recover of 

the original peak’s wavelength to 521 nm at 24h. For these hydrogels more than 75% of R6G adsorption 

was reached for both pH’s. The excellent rate of adsorptions is attributed to chemical adsorption through 

strong pi–pi stacking and anion–cation interactions, as well as the large specific surface area and 

porous structure of the hydrogel. 
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Tab�e 3.8 Dye remova� percentages of a�� the hydroge�s synthesis. 

DR (%) 

PAM PAM-GO 

Control CS-AgNPs 
PEI-NaBH4 

AgNPs 
Control CS-AgNPs 

PEI-NaBH4 
AgNPs 

pH4.0 70.3 11.0 80.7 91.9 31.1 77.7 

pH7.4 69.7 32.4 79.8 86.1 54.5 75.5 

 

The presence of PEI-NaBH4 AgNPs in the hydrogel caused an increase of 15% on the adsorption 

capacity of PAM hydrogel. The presence of PEI-NaBH4 AgNPs in the hydrogel increased its surface 

area, thus leading to a gain in adsorption sites for the binding of the dye [34]. But for CS-AgNPs 

hydrogels in general, the adsorption capacity showed a 3-fold decrease.  

In the case of CS-AgNPs, when increasing the pH to 7.4, the R6G adsorption percentage also increases 

to 32%. Since the pKa of chitosan is 6.5, at pH7.4 the hydrogel is deprotonated, thus it has free 

functional groups able to bind to R6G more easily than at lower pH values as pH4.0 [60]. At acid pH’s 

chitosan shows a cationic behavior, which means that the CS-AgNPs can easily bind to GO by anion-

cation interactions, but when inserting R6G, also a cationic compound, they both compete to interact 

with GO. Since the GO sheets are partially occupied by the nanoparticles, there’s less contact surface 

available to adsorb the dye resulting in the decrease of the adsorption capacity of the hydrogel at acid 

pH values. 

In the case of hydrogel with PEI-NaBH4, even though the difference is not significant (~7%), among 

them, the results indicate that GO does not have a significant role in the hydrogel’s adsorption ability. 

Regarding the influence of pH, it can also be discarded in this case, since the results obtained for both 

pH values differ in 1 – 3%. 

For the hydrogels containing silver nanoparticles the following kinetics parameters, calculated once 

again with the Equation 3.6 were obtained and are shown in the table below. 

Tab�e 3.9 Kinetic parameters, DRmax and k2, for the adsorption of R6G by AgNPs containing hydroge�s. 

	 PAM	 PAM-GO	

	 CS-AgNPs	 PEI-NaBH4	AgNPs	 CS-AgNPs	 PEI-NaBH4	AgNPs	

pH	
DRmax		
(%	Dye	

removed)	

K2		
(min-1.%	
Dye	

removed-1)	

DRmax		
(%	Dye	

removed)	

K2		
(min-1.%	
Dye	

removed-1)	

DRmax		
(%	Dye	

removed)	

K2		
(min-1.%	
Dye	

removed-1)	

DRmax		
(%	Dye	

removed)	

K2		
(min-1.%	
Dye	

removed-1)	

4.0	 11.4	 5.5	x10-4	 81.3	 3.5x10-2	 26.8	 1.0x10-4	 78.7	 8.8x10-4	

7.4	 47.8	 3.6x10-5	 82.0	 3.7x10-4	 66.7	 3.4x10-5	 76.3	 1.3x10-3	

 

Relatively to the AgNPs hydrogels, PEI-NaBH4 AgNPs hydrogels showed both a higher rate of 

adsorption and maximum adsorption capacity when comparing to chitosan based hydrogels. 
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Even though it was not tested for R6G, GO-based PEI hydrogels have also shown to have a good dye 

adsorption capacity presumably due to the strong electrostatic interactions and improved mechanical 

strength and thermal stability [10]. 

An improved hydrogel with better adsorption rate and capacity towards the dye was successfully 

synthesized. PEI-NaBH4 hydrogels show higher rate constants, indicating that a faster adsorption of 

the dye occurs with these hydrogels. Also, higher dye removal percentages are obtained demonstrating 

an increase of the efficiency of the hydrogel. 

In conclusion, improved swelling and adsorption abilities were achieved when combining GO and 

AgNPs. However, it was not possible to obtain a hybrid hydrogel, containing GO and AgNPs, with both 

adsorption and swelling capacities enhanced.  

3.2 .4 .  RELEASE 	

To examine the dye release curve, the dye loaded hydrogels were placed into new falcon tubes with 

12 mL citrate-phosphate buffer [2]. Hydrogels which adsorbed R6G at pH2, the most acid pH, were 

deposited, for the release studies, in pH7.4, the most basic pH, and vice versa. The results from the 

release of the hydrogel which adsorbed R6G at pH2.0 and released at pH7.4 is now called “release-1”, 

and from pH7.4 to pH2.0 “release-2”. 

All the samples were kept at room temperature. The release profile was obtained by following the UV-

Vis absorbance at 526 nm, characteristic wavelength of R6G. The absorption spectra of the release of 

R6G is shown in the annexes (Figure 6.5 for PAM hydrogel and Figure 6.6 for PAM-GO).  

The release percentage at each point was calculated using the results obtained from the adsorption 

tests of R6G from the previous section. Making the difference with the initial concentration and the 

remaining R6G in the solution, the amount of R6G adsorbed, and which is within the disc, could be 

calculated. 

It can be assumed that the stronger the interactions between the dye and the hydrogels’ network, either 

with PAM or GO, the harder will be to release the dyes molecules to the aqueous medium. 

The release rates of dye obtained were very low. At some point during this work, it was expected that 

the adsorbent hydrogels would release its content, as they have been commonly used for drug release 

[2]. Yet, the hydrogels showed to release an extremely low percentage of the dye within it. 

The highest release percentages of PAM hydrogels achieved were 1.6% for release-1 and 2.2% for 

release-2. The hydrogel from pH2.0 had adsorbed a higher amount of R6G than the hydrogel from 

pH7.4, 72.4 and 59.4%, respectively. Both release percentages are considerably low, indicating that 

both hydrogels have strong interactions with the dye. 

For the case of PAM-GO hydrogels, the highest release percentage was obtained for the hydrogels 

from release-1, nearly 5%. Then, for release-2, 2.4% was obtained. Similar to what happened with PAM 

hydrogels, for pH2.0 the amount of R6G adsorbed was higher than for pH7.4, 92.5 and 86.1% 

respectively, as explained in the previous section. The difference in the release could be justified with 
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the fact that the hydrogel from release-1 had a higher concentration of R6G inside, nevertheless the 

the ratio of amount of R6G released in the two cases ([R-R6G]pH2.0/[R-R6G]pH7.4) is higher than the ratio 

of the amount adsorbed. 

Even though the hydrogel at pH2.0 adsorbs a higher quantity of dye, it also releases a higher 

percentage of it when deposited in pH7.4 buffer solution. Concluding, the hydrogel which adsorbed at 

a more basic pH is capable of forming stronger interactions with the R6G than the one at acidic pH.  

Comparing both types of hydrogels, PAM-GO showed to adsorb and release a higher amount of R6G. 

In terms of dye removal from wastewaters, it’s an advantage, but if one of the goals is also to remove 

the adsorbed dye from the hydrogel after the water treatment, a better solvent must be found in order 

to remove totally the dye adsorbed. A work reported the use of ethanol as washing solvent for dyed 

hydrogels with methylene blue and congo red, additionally they re-used to hydrogels in a new 

wastewater treatment, thus converting it into an recycling hydrogel [79]. 

Also, there was a slight indication that after a long period of contact (24 hours or more), there may be 

a re-adsorption of the released dye, since the percentage of R6G release decreases from 24h to 5 days 

of contact.  

The pseudo-second order model kinetics for the release of R6G can be observed in the image below, 

demonstrating the difference between both systems. As it can be observed by the figures, and by the 

R2 obtained, the release data fit as well a pseudo-second order kinetics. 

 

Figure 3.31 Pseudo-second order mode� kinetics for the adsorption of R6G by PAM (A) and PAM-GO (B). 

 

The values obtained for the maximum release percentage (Releasemax) and for k, of PAM and PAM-

GO hydrogels, using Equation 3.6 is presented in the following table. 

Tab�e 3.10 Kinetics parameters for R6G re�ease, by PAM and PAM-GO hydroge�s. 

	 PAM	 PAM-GO	

pH	 Releasemax		
(%	dye	released)	

K2		
(min-1.%	dye	released)	

Releasemax		
(%	dye	released)	

K2		
(min-1.%	dye	released)	

Release-1	 1.63	 6.9x10-3	 4.51	 8.7x10-4	

Release-2	 1.69	 3.7x10-2	 1.88	 1.8x10-2	
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For both cases, the release from pH7.4 to 2.0 (release-2) showed to be faster, even though the amount 

of dye released is not significant. 

The same was done for the AgNPs containing hydrogels, but with pH4.0 (b) instead of pH2.0. The 

following plots were obtained: 

 

Figure 3.32 Pseudo-second order mode� kinetics for the adsorption of R6G by CS-AgNPs (A) and PE�-NaBH4 

(B) PAM hydroge�s. 

 

The parameters obtained are presented in the table below. 

Tab�e 3.11 Kinetic parameters for R6G re�ease by PAM and PAM-GO containing AgNPs. 

	 PAM	 PAM-GO	

	 CS-AgNPs	 PEI-NaBH4	AgNPs	 CS-AgNPs	 PEI-NaBH4	AgNPs	

pH	
Releasemax		
(%	dye	

released)	

K2		
(min-1.%	
dye	

released)	

Releasemax		
(%	dye	

released)	

K2		
(min-1.%	
dye	

released)	

Releasemax		
(%	dye	

released)	

K2		
(min-1.%	
dye	

released)	

Releasemax		
(%	dye	

released)	

K2		
(min-1.%	
dye	

released)	

Release-1b	 26.0	 1.7Ex10-3	 1.0	 1.8x10-2	 20.0	 2.0Ex10-4	 3.8	 1.7Ex10-3	

Release-2b	 11.2	 3.0x10-3	 3.6	 2.5x10-3	 21.1	 1.8Ex10-4	 5.7	 6.3Ex10-4	

 

PEI-NaBH4 AgNPs hydrogels has the highest value for the constant of adsorption, nonetheless, the 

amount of dye released is so small that lower values of k would not make sense. When comparing the 

set of released dye and time, the most effective hydrogels is the one from release-1b from CS-AgNPs 

hydrogel. 

When adding GO to the hydrogel, a decrease of the release rate is observed in both hydrogels tested, 

one order of magnitude. This indicates that the dye molecules are strongly binded to the hydrogel 

network when in presence of GO. Nevertheless, PEI-NaBH4 hydrogels still present the fastest release 

rate and less dye freed to the medium. 

However, if the main goal of the hydrogel is to remove the high amounts of dye from the surroundings 

and still avoid the leakage back to it, PEI-NaBH4 PAM hydrogels are ideal. This hydrogel has the highest 
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dye removal percentage from the buffer and the lowest release percentage. It also happens to be the 

hydrogel with highest adsorption rate among the hydrogels synthesized, excluding PAM-GO. 

3.3. R6G	INTERACTIONS	

As a consequence of the results obtained for the adsorption of R6G by the hydrogels synthesized during 

this work, the interactions between the dye and the principal components of the hydrogel free in solution, 

were studied. 

UV-Vis absorption and fluorescence spectroscopy (excitation wavelength, lexc=500 nm) were used to 

verify if any significant change happens when mixing the compounds. Also, lifetimes were measured at 

an excitation wavelength of 445 nm.  

3.3 .1 .  GRAPHENE 	OX IDE 	

In the first place, the interaction between GO and R6G was studied. R6G concentration was kept 

constant during the measurements (approx. 0.85 µM) and the concentration of GO was the changed 

parameter ([GO]= 0.001, 0.0025, 0.005, 0.0075 and 0.01 mg/mL). 

In the Figure 3.33 are depicted the spectra obtained for R6G-GO suspension. 

 

Figure 3.33 UV-Vis absorption (A) and f�uorescence (B) spectra of R6G+GO set. [R6G]=~0.85 µM; [GO]= 0.001, 

0.0025, 0.005, 0.0075 and 0.01 mg/m; lexc=500 nm. 

 

Even though the concentration of dye was kept constant during the measurements, a decrease on R6G 

characteristic maximum peak is observed, about a 60%. With the addition of GO to the suspension the 

appearance of shoulders, on the area where GO peaks are located, can be observed. The GO spectrum 

presented in the image is to be used as reference for the location where the peaks relative to GO should 

appear. The appearance of a shoulder at 300 nm is observed but is never really defined, higher 

concentrations of GO would be needed in order to have a defined peak. At 230 nm, the broad maximum 

peak of GO overlaps with R6G peak at 259 nm, decreasing its sharpness and good definition. 

The band at 526 nm of R6G spectrum is known to be the monomer band while the absorption shoulder 

at 500 nm was ascribed to the dimer formation of the dye. The intensity of the peak at 526 nm decreases 

with the addition of GO to the suspension, as well as the shoulder disappears. A similar effect was 

observed with rhodamine-101. The addition of GO led to a decrease in the dye’s characteristics peaks, 
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together with a red-shift from 575 to 582 nm [36]. Despite the decrease on the peaks is also observed 

with synthesized GO, no shift on the absorption peak was observed with its addition to the suspension. 

In the fluorescence spectra, the fluorescence maximum of R6G around 553 nm decreases upon 

addition of GO to the suspension, leading to a significant decrease of the samples’ fluorescence of 

almost 80%. This demonstrates that graphene oxide act as an efficient fluorescence quencher of R6G. 

Also, a blue shift of 6 nm is observed in the fluorescence peak. 

The fluorescence quenching requires molecular interaction between the fluorophore and the quencher, 

in this case the GO. The quencher may diffuse to the probe during the lifetime of the excited state 

and/or a non-fluorescent complex may be formed between the fluorophore and the quencher [36].  

In the case of purely dynamic quenching, the Stern-Volmer equation (Equation 3.2) becomes the 

following: 

𝐼'
𝐼
=
𝜏'
𝜏
= 1 + 𝐾>? 𝑄  

Equation 3.8 Stern-Vo�mer equation for pure dynamic quenching. 

 

If both static and dynamic quenching are occurring in the sample, then the following equation holds: 

𝐼'
𝐼
= 1 + 𝐾>? 𝑄 1 + 𝐾S 𝑄 =

𝜏'
𝜏
1 + 𝐾S 𝑄  

Equation 3.9 Equation for static and dynamic quenching contributions. 

 

The luminescence quenching of R6G by GO can be examined using a Stern-Volmer (SV) plot, both 

using the Equation 3.3 and Equation 3.9. 

 

Figure 3.34 Stern-Vo�mer p�ot for the quenching effect of GO on R6G f�uorescence and t0/t representation 

(b�ue). �nset: �inear fitting of the data using Equation 3.9 lexc=445 nm. 
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The variation of I0/I is not linear, there’s a clear effect of quenching by GO. The upward curvature 

obtained for R6G samples with GO indicates that as its concentration increases, its quenching effect 

also increases. As the curvature is observed, two types of quenching may exist: static and dynamic.  

The determination of fluorescence lifetimes of the fluorophore is the most definitive method to 

distinguish between the two types of quenching [9].  

In this case, the fluorescence lifetime of R6G remains monoexponential and unchanged (tf= 3.95 ns, 

Table 6.1) upon addition of GO, since no improvement is observed in c2 values of both fluorescence 

decays.  

By the data obtained, at first sight, the lifetimes decrease upon addition of GO. Nevertheless, a 10% 

error is associated with lifetimes measurements and the variations observed for the case of R6G-GO 

are within this error margin (less than 2%). In the case of the dynamic quenching, the fluorophore 

lifetime would decrease with the increase of the quencher concentration [9].  

Therefore, we may conclude that the lifetimes are not affected by the presence of quencher, thus there’s 

no contribution from dynamic quenching (KSV=0). Thus, the plot only contemplates static quenching, 

confirmed by the fact that t0/t is unitary (as observed in Figure 3.34) 

This static contribution may be due either to the formation of a non-fluorescent complex in ground-state 

or a dynamic sphere around the dye molecules in which quencher molecules are 100% effective in 

quenching the fluorophore signal immediately after excitation [36]. Observing the absorption spectra 

(Figure 3.33 A) a broadening of the peak at 526 nm can be observed, indicating the presence of a new 

species, a complex. 

Using Equation 3.9, with t0/t=1.0 because lifetimes do not change upon the addition of GO, a 

association constant of Ka= 292.5 mL/mg was obtained. 

3.3 .2 .  CS-AGNPS 	

Next, the interaction of R6G and AgNPs synthesized was analyzed. Different volumes from the stock 

solution of these AgNPs were used for the absorption and fluorescence measurements.  

For R6G-CS-AgNPs set, the following spectra were obtained: 
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Figure 3.35 UV-Vis absorption (A) and f�uorescence (B) spectra of R6G+CS-AgNPs set. [R6G]=~0.85 µM; 

lexc=500 nm. 

 

In Figure 3.35 A, upon the addition of CS-AgNPs the appearance of the nanoparticles characteristic 

SRP band at ~405 nm is observed, confirming the presence of AgNPs in the suspension. Also, the peak 

at 526 nm seems to increase with the addition of the nanoparticles. 

Analogously to what happened with GO, the fluorescence maximum of R6G around 553 nm decreases 

upon the addition of CS-AgNPs to the suspension (~60%) and a slight blue shift, 2 nm, of the peak is 

observed.  

In the fluorescence spectra, the fluorescence maximum of R6G around 553 nm decreases upon 

addition of CS-AgNPs to the suspension, approximately 70% decrease of the peak’s intensity. CS-

AgNPs then is a florescence quencher of R6G.  

Both GO and CS-AgNPs have a quenching effect on R6G fluorescence. The fluorescence quenching 

of R6G by CS-AgNPs was also examined using a Stern-Volmer (SV) plot, Equation 3.2. 

 

Figure 3.36 Stern-Vo�mer p�ot for �inear data of R6G-CS AgNPs (y = 0.0097x + 1); lexc=445 nm. 

 

Analyzing the variation of the lifetimes with the increase of CS-AgNPs concentration, no changes were 

detected (tf= 3.93 ns, Table 6.2 in the annexes). Therefore, no contribution from the dynamic 

components, KSV=0 has to be accounted for in the fluorescence steady-state, only static quenching. 
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In Figure 3.36 it can be seen a linear dependence of I0/I on the quencher concentration. Consequently, 

it can be assumed that a complex between R6G and CS-AgNPs takes place in the ground-state. The 

suitable Stern-Volmer equation is Equation 3.9, with t0/t=1.0 since no variation is observed in the 

lifetimes obtained. Using the slope of the graph, the association constant Ka»0.0097 µL-1 was obtained. 

Comparing both quenchers, GO and CS-AgNPs, the first showed to have a higher quenching effect on 

R6G fluorescence, since it presents higher I0/I values. 

3.3 .3 .  PEI -NABH4 	AGNPS 	

Lastly, the results of the interaction between R6G and PEI-NaBH4 AgNPs are presented below. 

 

Figure 3.37 UV-Vis absorption (A) and f�uorescence (B) spectra of R6G+PE�-NaBH4 AgNPs set. [R6G]=~0.85 

µM; lexc=500 nm. 

 

In the absorption spectra (Figure 3.37 A) no clear pattern is observed with the addition of the AgNPs to 

the suspension. There’s no clear increase or decrease of the peak of R6G upon the addition of the 

nanoparticles, so the variations observed may be caused by slight differences on the dye concentration 

during the experimental work. In opposition to what was expected, no SRP band is observed on the 

region of the 400 nm upon the addition of nanoparticles, indicating that the amount of AgNPs added to 

the suspension is low. A higher concentration of nanoparticles would be recommended. 

Nonetheless, in the fluorescence spectra, the addition of the PEI-NaBH4 AgNPs leads to an 

enhancement of R6G fluorescence. The enhancement can be said to be optimum, almost a 2-fold 

increase, at the lowest concentration of PEI-NaBH4 AgNPs used, 1 µL of the stock AgNPs solution. 

Also, 2.5 µL shows a high enhancement of the fluorescence. Then, the enhancement provoked by the 

nanoparticles decreases with the increase of their concentration on the suspension. The addition of 10 

and 15 µL shows to have less enhancement on R6G fluorescence. Several studies have shown that, 

after reaching a maximum, the enhancement of fluorescence intensity gradually diminishes [88]. The 

changes in the emission intensity and fluorescence lifetime of a fluorophore close to a metal 

nanoparticle are usually explained by simultaneous enhancement and quenching effect that have 

different distance dependencies relatively to the metal surface [89]. In this case, the increase of the 

concentration of nanoparticles may increase the proximity between the fluorophore and the 
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nanoparticles thus making the quenching effect to overcome that of enhancement that prevails at the 

lower concentrations of nanoparticles. 

The increase of the fluorescence intensity may indicate the existence of a MEF effect by the 

nanoparticles which would affect the radiative decay rate constant, kR. However, it is known that MEF 

also affects the non-radiative decay rate, kNR, causing a decrease in the lifetimes upon addition of 

enhancer. An analysis of the R6G decays show no dependence of the lifetimes with the concentration 

of the nanoparticles (tf= 3.97 ns, Table 6.2 found in the annexes) [9].  

A contamination by the fluorescence of the nanoparticles can be discarded under the conditions used 

to excite R6G. 

Larger nanoparticles showed to induce a stronger MEF effect on the fluorophores fluorescence. CS-

AgNPs showed to have larger particle sizes comparing to PEI-NaBH4. Taking this into account, it was 

expected to observe the MEF effect on R6G fluorescence when adding the CS-AgNPs to the 

suspension. Nevertheless, the opposite is observed [90]. 

In a last phase, the effect of the temperature on the interaction between R6G and PEI-NaBH4 AgNPs 

was followed by UV-Vis absorption spectra. Samples were taken during a period of time while the 

temperature was increased (until 65ºC). No changes were observed in the peaks relative to R6G. As 

for the nanoparticles a red shift was observed on the SPR from 400 to 405 nm, which may be due to 

the agglomeration of the nanoparticles upon increase of the temperature. 

3.4. REMOVAL	OF	OTHER	DYES	

3 .4 .1 .  2-N ITROPHENOL 	 INTAKE 	

The characteristic UV-Vis absorption intensity of 2-Nitrophenol (2-NP) decreased with time, since the 

dye concentration was diminishing as it was being adsorbed to the disc. As for R6G, the dye intake 

could be observed by following the change of the solution’s color and of the hydrogel itself. 

Contrarily to R6G, 2-NP is an anionic dye so its adsorption by the hydrogel is significantly lower than 

the obtained for the cationic dye. 

Concerning GO based hydrogel, when it came to the adsorption of 2-NP, the decline of the adsorption 

capacity results from the strong electrostatic repulsion between the GO and the anionic dye [7][34][79].  

Intake of 2-NP was tested for PAM and PAM-GO hydrogels synthesized with temperature aid.  

A red shift of maximum peak was observed in the spectra, from 353 to 415 nm, with the increase of the 

pH (Figure 3.38). 
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Figure 3.38 UV-Vis absorption spectra of 2-nitropheno� at pH2.0, 4.0, 5.0 and 7.4. 

 

The highest maximum wavelength is obtained at pH7.4, which is a pH higher than 2-NP pKa (pKa= 7.23, 

25ºC). Also, at this pH phenolate anions are formed [39] and a change in the solution color was 

observed, from transparent (acid pH) to bright yellow (basic pH).  

Tab�e 3.12 Swe��ing ratio and dye remova� (DR) rates of 2-nitropheno� for PAM hydroge�. DR ca�cu�ated using 

Equation 3.5.  

2-NP Swelling Ratio (%) DR (%) 

pH2.0 202.0 48.7 

pH4.0 249.9 47.2 

pH5.0 264.1 15.6 

pH7.4 205.8 12.6 

 

At pH5.0 the higher swelling ratio is obtained. This may be due to the fact that at this pH the dye 

molecules present a higher repulsion towards the hydrogels, allowing the network become wider and 

to absorb a higher amount of buffer (2-nitrophenol pKa=7.16 [91]). 

 

Figure 3.39 Representation of 2-nitropheno� adsorption for PAM hydroge�. 
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As it can be observed on the Table 3.12 and Figure 3.39, contrarily to what was seen for R6G, there’s 

significant influence of the pH on the dye adsorption capacity. With an increase of the pH a significant 

diminution of the hydrogel adsorption capacity is observed.  

The adsorption capacity of the hydrogel is lower at pH7.4, meaning that the dye is not capable of 

adsorbing efficiently to the hydrogel’s network at such pH. Probably, the functional groups of both 

compounds do not have such a big difference in their charges, making possible the existence of some 

electrostatic repulsion between them, thus decreasing the adsorption capacity. 

In another work, carbon nanotubes were used to adsorb and remove 2-NP from wastewaters. The effect 

of the pH on the adsorption rate was studied, concluding that at more basic pH values, the uptake 

decreases, what is in agreement with the results obtained in our case [39]. 

2-NP adsorption rates were tested for PAM-GO hydrogel, even though GO is also a negatively charged 

structure. The results obtained are not consistent and do not follow a clear pattern. Negative adsorption 

rates were obtained, which is the result of an increase of the dye concentration in solution and not it’s 

adsorption.  

Nevertheless, even though electron donor-acceptor interactions between the aromatic phenolic ring 

and the basic surface oxygen (carbonyl groups) can happen, the adsorption rates showed to be low, 

possibly due to a high contribution of electrostatic repulsion between both negatively charged 

compounds. This repulsion resulted in poor adsorption capacity by the hydrogel. 

Tab�e 3.13 Swe��ing ratio and dye remova� va�ues for 2-nitropheno� adsorption for PAM-GO hydroge�. 

 Swelling Ratio (%) DR (%) 

pH2.0 223.5 6.92 

pH4.0 199.3 3.57 

pH5.0 188.9 - 

pH7.4 189.2 - 

 

As GO and 2-NP are negatively charged, lower adsorption rates were expected comparing to the ones 

obtained for PAM hydrogel, more than 80% decrease. Concerning to the swelling ratios obtained for 

both hydrogels, there’s a slight decrease in the values obtained for PAM-GO hydrogel. This effect was 

also observed when using R6G-buffer. Nevertheless, the decrease in the swelling ratio is less 

accentuated with 2-NP-buffer when changing to PAM-GO hydrogels, a 43% decrease is observed 

comparing to 28%. Concluding, the dye present in the buffer and its charge may also influence the 

swelling ratio of the hydrogels. However, it must be kept in mind that the hydrogels may not be at the 

same hydration state when performing the swelling and adsorption tests. 

The low adsorption of 2-NP by the both hydrogel’s network, PAM and PAM-GO, evidenced by a minimal 

variation in the absorbance of the dye’s maximum peak, can be easily occulted by the presence of 

scattering in the absorption spectra and/or by the contribution of other element in the hydrogel with high 

absorption at low wavelengths, which leads to a slight increase on the absorbance intensity at the 
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maximum wavelength. This increase originates a non-uniform variation of the absorbance, which were 

used for the calculation of 2-NP concentration of the samples collected. These concentrations were, 

occasionally, higher than the initial concentration of the solution, resulting then in impossible negative 

dye removal percentages. 

Having in mind what was said above, it was not possible to apply the pseudo-second order kinetics to 

the results as it was done for R6G, as they are uncorrelated and the remaining reliable points are in 

insufficient number. 

3.4 .2 .  ACR ID INE 	ORANGE 	

The adsorption of dye by the hydrogels synthesized during this work was also tried with acridine orange 

(AO). 

GO-PEI hydrogel synthesized as described in the section 2.4.1 of Materials and Methods, was 

deposited in a solution of AO diluted in DW (7 mL) in order to know if the hydrogel would effectively 

have an adsorption capacity towards the dye. 

The adsorption was followed by UV-Vis absorption as previously mentioned for the case of the other 

dyes. 

 

Figure 3.40 GO-PE� hydroge� in AO so�ution. 

 

In this case the adsorption was not controlled, random samples were collected in order to verify if any 

decrease in the maximum peak of the dye would be observed. The absorption spectra indeed show the 

adsorption of the dye by the GO-PEI hydrogel, besides, the decrease of the AO in the solution was 

visible, since the color of the solution would become a lighter yellow with time. 

The adsorption of AO was then tested with some PAM hydrogel prototypes, not optimized. Samples 

were collected with time (30, 60, 180 and 1440 minutes) in order to follow the decrease of the 

concentration of AO in the solution. 

The following absorption spectra were obtained: 
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Figure 3.41 UV-Vis absorption spectra of AO by PAM (A) and PAM-GO (B) hydroge�. 

 

The sample taken at 0 minutes corresponded to the AO solution sample, where no disc was immersed 

on the liquid, and therefore, corresponds to the spectrum of AO alone, with the main absorption peak 

at 491 nm.[92]. 

As the concentration of dye in the aqueous solution decreases with time, it can be confirmed that the 

hydrogel is in fact adsorbing the dye within its network. The decrease in the maximum peak of AO is 

noticeable in both cases, PAM and PAM-GO. Nevertheless, PAM-GO hydrogel showed to adsorb a 

higher amount of AO, approximately 90% of the initial concentration. PAM hydrogel adsorbed more the 

30% of the initial AO. The AO removal was calculated using Lambert-Beer equation (Equation 1.1), with 

the absorbance measured at 492 nm, maximum peak wavelength, wavelength at which the extinction 

coefficient is known (e492nm=3.0x104 M-1cm-1 [49, Ch. 2]). 

The presence of GO in the hydrogels network results in an increase of its surface area, thus improving 

the drug loading ratios of the hydrogels. The introduction of the functional groups of the GO in the 

hydrogel’s network modifies the hydrophilic character of the hydrogel, producing a change in its affinity 

for the dye [2]. As AO is a cationic dye, strong interactions take place with the functional groups of GO 

within the hydrogel, thus increasing the hydrogel’s capacity to adsorb the dye, similar to what was 

reported here with R6G. 

As an enhancement of the adsorption capacity is observed with the addition of the GO, continuing the 

test with the remaining hydrogels and with more control may be the next step. However, as R6G and 

2-NP are dyes less studied in terms of adsorption than AO, we chose to test the former. 

From the data obtained for AO and the hydrogels, the above presented adsorption tests for R6G and 

2-NP, were planned and structured. 

A clear increase on the adsorption capacity of both types of hydrogel is observed when adsorbing 

cationic dyes (AO and R6G) instead of anionic (2-NP). The charges present within the hydrogel seem 

to significantly influence its dye removal capacity, either in the presence of GO or not. In the case of 

the cationic dyes, the insertion of the GO in the hydrogel enhances its capacity to adsorb the hydrogel 

due to the strong interactions between both. The lack of these interactions in the case of anionic dyes 

is shown in the decrease of the dye removal capacity of the hydrogel. 
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3.5. ANTIBACTERIAL 	TESTS	

The antibacterial activity of the hydrogels synthesized as above, with GO and AgNPs, was assessed 

based on the determination of the halos of growth inhibition, standard methods by disc diffusion assay, 

towards selected strains of the Gram-positive Staphylococcus aureus and Gram-negative Escherichia 

coli, Pseudomonas aeruginosa 477, and Burkholderia contaminans IST408. The selected bacterial 

strains represent pathogens of medical relevance, difficult to treat and eradicate worldwide, mainly due 

to their resistance to multiple antibiotics. Halos of growth inhibition were detected after 24 h of incubation 

at 37 °C  

Two types of PAM hydrogels were tested for the aforementioned strains: firstly, PAM hydrogels 

synthesized with AgNO3 as a polymerization enhancer; afterwards, PAM and PAM-GO, with and without 

synthesized in situ silver nanoparticles. Hydrogels discs were all synthesized with the same protocol 

and resulted to have similar weight and diameters. Then, the inhibitory action of tested samples on the 

growth of the bacteria was determined by measuring diameter of the inhibition zone.  

The results obtained for these hydrogels antibacterial activity were not those expected. All the species 

tested for the four types of hydrogels showed a similar inhibition hallo around the hydrogel discs. The 

aim of the antibacterial test was to assess the antibacterial activity of each hydrogel, which should be 

enhanced with the presence of both AgNPs [28][32][33][58] and GO [44][56], since they were previously 

reported to inhibit bacterial growth. 

The images of PAM hydrogels synthesized with AgNO3 tested for Pseudomonas aeruginosa 477, and 

Burkholderia contaminans IST408 are shown in the annexes (Figure 6.7). 
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Figure 3.42 Antibacteria� activity on E. co_i growth by PAM and PAM AgNPs synthesized in situ (A) and PAM-

GO and PAM-GO AgNPs synthesized in situ (B); and on S. aureus, PAM and PAM AgNPs synthesized in situ 

(C) and PAM-GO and PAM-GO AgNPs synthesized in situ (D). 

 

The white and black discs in the Figure 3.42 correspond to the control and AgNPs containing hydrogel, 

respectively. 

As there is no calibration line for each type of hydrogel, it was not possible to calculate the concentration 

from which there is growth inhibition. These antibacterial tests were done with disc diffusion, which 

usually uses some relations in order to determine the minimum inhibitory concentration from the 

inhibition halos diameters. 

The increase of the inhibition halo is then the difference between the diameter obtained after the 

incubation period regarding the original disc diameter. 

% =
2 ∗ 𝑑'
𝑑[

 

Equation 3.10 Percentage increase of the inhibition ha�o diameter. 

 

  

A B 

C D 
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Where d0 is the distance between the diameter of the hydrogel disc, dd, and the inhibition halo. The 

increase percentages obtained are presented in the following table. 

Tab�e 3.14 �ncrease of the inhibition ha�o for PAM hydroge�s. 

Diameter increase (%) P. aeruginosa B. Contaminans E. Coli S. Aureus 

PAM 87.5 53.7 58.2 67.2 

PAM+AgNPs in situ 45.1 20.4 27.5 29.6 

PAM-GO 84.6 54.2 47.8 70.6 

PAM-GO +AgNPs in situ 51.0 15.1 25.0 28.0 

 

As it can be observed on the table above, the highest inhibitory effect was observed in P.aeruginosa 

followed by S.aureus. Silver nanoparticles inhibition capacity has been studied for some time now and 

they have shown to be most effective against E. coli. As for S. aureus, elevated concentrations of 

AgNPs were needed to have a mild effect on the microorganism growth, 10 fold higher than the used 

for E. coli [28][32]. In our case, S. aureus showed to be more affected than E. coli. In another 

antimicrobial study involving silver nanoparticles synthesized with different reducing and stabilizing 

agents, it was shown that for all the AgNPs, a higher antibacterial activity towards Pseudomonas 

aeruginosa as compared to E. coli, in agreement with our results. Besides, a clear dependence of this 

antimicrobial activity on the size and shape of AgNPs was denoted, in which the smaller ones (15-50 

nm) were the most effective [93]. The size of the silver nanoparticles seems to influence the antibacterial 

activity [16], notwithstanding it was not possible to determine the size of the nanoparticles within this 

type of hydrogel since SEM images of PAM hydrogels with AgNPs synthesized in situ were not 

obtained.  

In the results showed above, there is no clear difference, or pattern, on the inhibition halos obtained 

between gram-negative and gram-positive, thus making it impossible to compare and justify the results 

with the microorganisms’ membrane composition. 

The most emphasis goes to the decrease of the inhibition diameter when adding silver nanoparticles to 

the hydrogels. A minimum increase of 40% is observed for every disc when adding AgNPs. Though it 

was not expected, it is reasonable that the difference on the diameters is lower for the hydrogels 

containing AgNPs since they were synthesized in situ reducing the ions already present within the 

hydrogel, thus less silver ions are available to kill the cells. 

It was expected that the insertion of AgNPs and GO to the hydrogels would increase their inhibitory 

effect, nevertheless the opposite is observed. Hydrogel with AgNPs synthesized in situ showed to have 

a reduced growth inhibition, counteracting the statements of their antimicrobial effect. This decrease on 

the growth inhibition may be caused by the effect that the hydrogels network has on the diffusion of 

what its within it. The enhancement of the hydrogel’s structural and mechanical properties when 

synthesizing it with graphene oxide results in the formation of a tighter and stronger network. As it was 

shown previously in the dye removal tests, the hydrogels have a very high capacity of swelling and 
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adsorption, however its release capacity showed to be very low. Therefore, the molecules within the 

hydrogel are not released in significant amounts into the environment where it is located.  

Also, hydrogels devoid of AgNPs and GO used as control have antimicrobial activity, reflecting that 

something is having an effect on the bacterial growth. Concluding, as the results observed showed 

considerable growth inhibition for the whole set of hydrogels, the antibacterial activity shown in the 

images must derive from the hydrogels’ common elements. As silver ions are also known for their 

antibacterial effect, the inhibition observed in the plates probably comes from the remains of the silver 

salt within the hydrogel that failed to be reduced by NaBH4. Also it was observed that AgNPs and AgNO3 

have similar antimicrobial activities [32]. 

The antibacterial mechanism of AgNPs has not been completely understood yet. The most possible 

mechanism is due to Ag ions released from AgNPs, which strongly bind to thiol groups (SH) found in 

enzymes and proteins on the cellular surface, confirming the hypothesis above described: the inhibition 

halo observed for this test is caused by the Ag ions present on the disc [94].  

Regarding the hydrogels mechanical properties, PAM hydrogels without GO partially melted during the 

incubation period at 37ºC (as seen in the Figure 3.42), demonstrating what was previously concluded 

about the enhancement of the hydrogel’s structure: the presence of graphene oxide improves the 

mechanical properties of the hydrogel. 

The work in reference [94] tested the antibacterial activity of GO-AgNPs nanocomposites and showed 

excellent antibacterial activities against E. coli e S. aureus. Regarding AgNPs, it was concluded the 

silver ion release depends highly on the pH of the surrounding environment and ion release rates 

decreased with increasing pH.  

In order to test the real antibacterial activity of the hydrogels, they were synthesized excluding the 

AgNO3 as polymerization enhancer. PAM and PAM-GO hydrogels containing CS-AgNPs and PEI-

NaBH4-AgNPs were tested for growth inhibition of Staphylococcus aureus, Escherichia coli and 

Pseudomonas aeruginosa 477. B. contaminans was not tested this time as it was the bacteria which 

was less affected by the hydrogels previously. 

New incubation was done with PAM hydrogels synthesized by the second method, recurring to 

temperature. As it was previously mentioned, it was observed that CS-AgNPs hydrogels were possible 

to synthesize with no temperature aid. 

For these hydrogels E. coli and S. aureus did not show susceptibility to any of them, no significant halos 

of growth inhibition were formed. Nevertheless, in some cases for E. coli the control hydrogels, PAM 

and PAM-GO, showed a small area of inhibition (d<1mm) not very defined around the discs. 

Polyacrylamide may have a small inhibition capacity towards these bacteria. 

P. aeruginosa was the only bacteria that showed inhibition halos for all the hydrogels tested.  
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Figure 3.43  Antibacteria� tests. �nhibitory ha�o on P. aeruginosa growth by PAM CS-AgNPs and PE�-NABH4 

(A,B respective�y) and PAM-GO CS-AgNPs (C). 

 

The growth inhibition of P. aeruginosa is common in all the discs despite having different compositions. 

The presence of the nanoparticles in the hydrogel disc does not seem to enhance the effect already 

observed for the control samples. There is a reduction of more than 20% of difference of the diameters 

among the control and the hydrogel with AgNPs.  

As mentioned above, the size of the silver nanoparticles seems to influence the antibacterial activity 

[16], nonetheless, the size of the nanoparticles seen in the hydrogels (SEM images Figure 3.18 and 

Figure 3.19) are both around 100 nm explaining the small difference observed in the antibacterial 

activity for P. aeruginosa. 

From this second trial, it can be assumed that part of the growth inhibition of P. aeruginosa is caused 

by PAM, additionally to what was observed in the first trial. These bacteria previously showed to be 

capable of degrading low concentrations of acrylamide within 24h [95]. In this case, the degradation of 

the molecule by the organism seems to have a toxicity involved since it results in its death. 

At the end, neither of the antibacterial tests that were done allowed us to prove that the graphene oxide-

based hydrogels with silver nanoparticles have synergic antibacterial activity. The aim of these tests 

was to prove that the addition of GO and AgNPs to the hydrogel would convert it into an antibacterial 

agent, since they both have registered bactericidal effects. Also, the polymers used for the synthesis of 

the silver nanoparticles present antibacterial activity. 

Yet, this could not be proved. We were able to confirm that silver ions have indeed antibacterial activity 

and have effect on the growth of the bacteria tested here. 

 

  

A B C 
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4. CONCLUSION	
This dissertation focused on the synthesis and characterization of graphene-based hydrogel containing 

silver nanoparticles (AgNPs) with the aim of studying their swelling and dye adsorption capacities under 

distinct environmental conditions in an attempt to obtain an improved vehicle for wastewater treatment. 

The hydrogels’ structure was characterized using several spectroscopic (UV-Vis, Raman, steady-state 

fluorescence) and microscopic techniques (FLIM, TEM, SEM).  

As expected, the combination of the above mentioned elements led to a hydrogel with enhanced 

swelling and adsorption capacities towards wastewater common dyes such as rhodamine 6 G and 2-

nitrophenol. Additionally, the antibacterial activity of the hydrogels was studied for gram-positive and 

gram-negative, but no improved effect was detected with the synthesized GO-AgNPs based hydrogel. 

4.1. HYDROGEL	

The main purpose of the synthesis of these hybrid hydrogels is to obtain a material with properties that 

are superior than the individual components alone. 

In summary, the hybrid hydrogels synthesized displayed good mechanical stability and toughness. This 

conclusion is based on the decrease of the swelling capacity of the hydrogels when adding GO to its 

network, due to the strong interactions between the hydrophilic groups of GO and the polymer, and also 

based on what was observed while handling the hydrogels during synthesis and testing.  

Nevertheless, the swelling capacity of the hydrogel is compromised when adding GO in favor of a more 

robust hydrogel. Despite that, the addition of AgNPs to the graphene oxide-based hydrogel results in a 

recovery and enhancement of the swelling capacity. CS-AgNPs PAM-GO presented the best swelling 

capacity among the different hydrogels tested. 

Concerning the buffer intake ability of the hydrogels, an enhanced hydrogel was successfully obtained. 

4.2. DYE	ADSORPTION	TESTS	

Regarding dye removal application, PAM-GO hydrogel proved to have a higher adsorption capacity and 

adsorption rate comparatively to a hydrogel without addition of GO. The charges of the dye favored a 

stronger interaction with PAM-GO hydrogel. Nevertheless, the addition of AgNPs to the hydrogel did 

not show a clear improvement on the hydrogel itself. As for dye removal, all graphene oxide-based 

hydrogels present in general, a higher adsorption capacity of dyes from their surroundings comparing 

to PAM. Among them PAM-GO and PAM-GO containing PEI-NaBH4 AgNPs are the most efficient 

adsorbents for R6G. 

In conclusion, improved swelling and adsorption capacities were achieved combining GO and AgNPs 

properties to standard hydrogels. However, it was not possible to obtain a hybrid hydrogel, containing 

GO and AgNPs, with both adsorption and swelling capacities enhanced. Nevertheless, the 

characteristics obtained make of PAM-GO and PEI-NaBH4 AgNPs hydrogels a potential wastewater 

dye removal material. 
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4.3. ANTIBACTERIAL	TESTS	

The goal of testing hybrid hydrogels antibacterial activity was to verify that the addition of already known 

antibacterial agents, such as AgNPs and GO, would result in an antibacterial material itself. The 

antibacterial activity of the hydrogels was assessed based on the determination of the halos of growth 

inhibition, standard methods by disc diffusion assay, towards selected strains of the Gram-positive 

Staphylococcus aureus and Gram-negative Escherichia coli, Pseudomonas aeruginosa 477, and 

Burkholderia contaminans IST408. 

Firstly, PAM hydrogels synthesized with AgNO3 as a polymerization enhancer proved to have 

antibacterial activity towards the species tested, due to the presence of silver salt (AgNO3) present in 

its surface and peripheral area. This conclusion is based on the previous statement about the hydrogels 

network and robust structure, which do not allow the diffusion of the molecules within it. The antibacterial 

activity of GO is not proven since it cannot contact with the cells and also because hydrogels without 

GO show the same growth inhibition as the graphene oxide-based hydrogel. Furthermore, hydrogels 

with AgNPs synthesized in situ showed a decrease on the halo, caused by the diminution of silver ions 

available. Thereby, the growth inhibition derives from the hydrogel’s common elements available and 

in contact with the cells. 

The real antibacterial activity of the hydrogels was assessed excluding the AgNO3 as polymerization 

enhancer. The presence of the preformed nanoparticles in the disc did not enhance its antibacterial 

effect. Plus, only P. aeruginosa showed to be sensitive to the hydrogels.  

From these tests we can conclude that part of the antibacterial activity observed derives from both 

excess of silver salt and PAM in the hydrogel. For both hydrogels synthesis methods tested there is no 

clear difference, or pattern, on the inhibition halos obtained between gram-negative and gram-positive 

bacteria. Consequently, the effect of the microorganisms’ membrane composition towards the 

resistance to the hydrogel was not possible to assess. 

Neither of the antibacterial tests that were perdormed allowed us to prove that the graphene oxide-

based hydrogels with silver nanoparticles have synergic antibacterial activity.  

4.4. FUTURE	PERSPECTIVES	
In order to achieve further characterization of the materials synthetized, more techniques should have 

been tested. 

TEM proved to be a very useful technique to characterize the morphology and sizes of our material. 

Therefore, it should be extended to our hybrid aqueous systems GO – AgNPs in order to obtain 

information regarding the AgNP distribution on GO sheets. To complement, the measurement of the 

zeta potential of the AgNPs suspensions and of the remaining systems with GO would be beneficial for 

the materials characterization.  

GSDR showed to be a good characterization technique to know the state of just synthesized hydrogels 

regarding its AgNPs content. Thus, the coverage of all the hydrogels synthesized would allow obtaining 
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information about the differences existent between the nanoparticles containing hydrogels and the 

amount of AgNPs within them.  

Moreover, some essential techniques to characterize GO such as AFM could have allowed us to obtain 

more knowledge regarding the thickness and layers of the samples. In turn, XPS and FTIR could 

provide us with chemical information that would help us distinguish better the effects of the two synthetic 

routes for GO. 

Regarding the applications of the hydrogels, for dye removal capacity by the hydrogels, chitosan was 

already reported to have the ability to remove anionic dyes. This way, would be also interesting to test 

the adsorption capacity of hydrogels with CS-AgNPs towards 2-nitrophenol, in order to observed if any 

enhancement on the hydrogels dye removal capacity would be achieved. Also, the cleaning and 

recyclability of these hydrogels should be tested. Few works mention the cleaning of the dyed hydrogels 

with ethanol under heating and its further utilization. 

An optimization of the hydrogels synthesis compounds is still necessary, even though hydrogel 

synthesis was successfully achieved in the present work. During the spectroscopy techniques, an 

excess of these compounds was observed in the spectra. Similar synthesis methods with 

polyacrylamide were found in literature, all with different protocols of cross-linkers and reducers, mostly 

regarding polymer-crosslinkers ratios. A comparison between them could be the next step in order to 

obtain a more environment-friendly and low cost hydrogel. 

To the hydrogels with proven enhancement in mechanical, swelling and adsorption capacities, the 

variation of other parameters should be tested as the variation of the nanoparticles or graphene oxide 

concentration within them. The study of the GO and nanoparticles influence in capacities such as the 

adsorption would complement the results here obtained. 

Outside the main goal of this work, the further study of the interactions between R6G and GO and 

AgNPs synthesized may be another side to follow from the results here obtained.  

GO showed to have a quenching effect on R6G fluorescence. The interaction between both was done 

in aqueous solution (DW), however using different buffers at different pH values would allow the study 

of these interactions at a deeper level since the influence of pH in interactions between GO and Rh101 

was already reported. 

In the case of PEI-NaBH4 AgNPs, further studies could focus on the interactions happening with the 

fluorophore and perhaps could lead to the discovery of the optimum conditions in which the MEF effect 

caused by these nanoparticles happens, with potential repercussions in bioimaging. 

To conclude, hybrid graphene based hydrogels with enhanced mechanical strength and adsorption 

capacity towards toxic dyes were successfully obtained in the present work. However, the ideal 

hydrogel was not achieved leaving room to improvement and innovation for future studies. 
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6. ANNEXES	

6.1. NANOPARTICLES	CHARACTERIZATION	

The interaction between GO and the reactants involved in AgNPs synthesis was studied recurring to 

UV-Vis absorption and fluorescence spectroscopy. The concentration of GO was kept constant during 

the measurements, being the concentration of PEI, Chitosan or any other component modified. The 

results of the interaction between GO2 and PEI or Chitosan are here shown. 

6.1 .1 .  CS-AGNPS 	

The variation of the SPR with time is showed in the following absorption spectra. Demonstrating the 

agglomeration of the nanoparticles with time. 

 

Figure 6.1 UV-Vis absorption spectra of CS-AgNPs with red-shifting of the SPR band with time. 

6.2. PEI-AGNPS	

 

Figure 6.2 UV-Vis absorption spectra of PE�-AgNPs with red shifting of the SPR band with time 

6.2 .1 .  GO2+PEI 	
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Figure 6.3 UV-Vis absorption (A) and f�uorescence (B) spectra of GO2 and PE� (0.05, green, 0.1, purp�e, and 

0.25 mg/mL, b�ue). [GO2] =0.1 mg/mL; [PE�] =0.05, 0.1 and 0.25 mg/mL; λexc=400 nm. 

. 

6.3. R6G	INTAKE	BY	PAM	AND	PAM-GO	HYDROGELS	

For PAM-GO hydrogel the following absorption spectra was obtained for the estimation of R6G 

concentration at pH4.0 and 5.0 for the collected samples.  

 

Figure 6.4 UV-Vis spectra of the co��ected samp�es from R6G adsorption by PAM-GO hydroge�, at pH4.0 (A) 

and pH5.0 (B). 

6.4. R6G	RELEASE	

Hydrogels which adsorbed R6G at pH2, were deposited, for the release studies, in pH7.4, and vice 

versa. 

The release profile was obtained by following the UV-Vis absorbance at 525 nm, characteristic 

wavelength of R6G, presented in the figure below. 

For the release of R6G from PAM dyed hydrogels the following spectra were obtained. 
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Figure 6.5 UV-Vis spectra of R6G re�ease for PAM hydroge�s. From pH2 to pH7.4 (A) and from pH7.4 to pH2.0 

(B). 

 

In the case of PAM-GO, the spectra of the Figure 6.6 were obtained. 

 

 

Figure 6.6 UV-Vis spectra of R6G re�ease for PAM-GO hydroge�s. From pH2 to pH7.4 (A) and from pH7.4 to 

pH2.0 (B). 

 

6.5. ANTIBACTERIAL	TESTS	

PAM hydrogels synthesized with AgNO3 as a polymerization enhancer were tested for Pseudomonas 

aeruginosa 477, and Burkholderia contaminans IST408. 
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Figure 6.7 Antibacteria� tests. �nhibitory ha�o on B.contaminans growth by PAM (A) and PAM-GO (B), contro�; 

PAM and PAM-GO with AgNPS synthesized in situ, and P.aeruginosa, PAM(C) and PAM-GO (D). 

 

6.6. LIFETIMES	

The lifetimes were acquired at an excitation wavelength lexc=445 nm and an emission wavelength 

lem=555 nm. 

Tab�e 6.1 Lifetimes of R6G-GO. lexc=445 nm; lem=555 nm. 

 A1 (%) t1 (ns) A2 (%) t2 (ns) c2 

R6G GO 0.001 
 3.92 - - 1.09 

98.54 3.95 1.46 1.98 1.08 

R6G GO 0.0025 
 3.92 - - 1.09 

98.54 3.95 1.46 1.95 1.08 

R6G GO 0.005 
 3.91 - - 1.18 

96.38 3.93 3.62 1.08 1.08 

R6G GO 0.0075 
 3.89 - - 1.21 

96.68 3.95 3.32 1.93 1.17 

R6G GO 0.01 
 3.87 - - 1.20 

97.09 3.92 2.91 1.96 1.17 

A B 

C D 



 91 

 

The fluorescence lifetimes were measured for R6G and AgNPs. They remained monoexponential since 

no improvement were observed in the values of c2 and the lifetimes did not show any significant 

variation (within the 10% error margin). 

Tab�e 6.2 Lifetimes of R6G-CS AgNPs and R6G PE�-NaBH4 AgNPs. lexc=445 nm; lem=555 nm. 

 t1 (ns) c2 
 
 

t1 (ns) c2 

R6G 3.93 1.022 
R6G PEI 1.0 3.97 1.071 

R6G PEI 2.5 3.97 1.084 

R6G CS 10 3.92 1.048 R6G PEI 5 3.96 1.047 

R6G CS 50 3.93 1.20 R6G PEI 10 3.97 1.11 

R6G CS 150 3.93 1.020 R6G PEI 15 3.97 1.03 

 

No decrease of the lifetime is observed with the addition of PEI-NaBH4 AgNPs to the suspension. 

The formation of a non-fluorescent complex/aggregate considering the changes observed in the 

absorption spectra. Under such conditions, the fluorescence lifetime is not expected to change since 

the fluorophore (which is not complexed/aggregated) is able to emit in its normal way. However, a 

decrease in the fluorescence intensity of the sample is expected to occur upon each increase of the 

quencher concentration since there will be less and less free fluorophore to emit due to complexation 

[9].  

 


