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Abstract  

Peptide-based hydrogels have attracted increasing attention for biological applications and diagnostic 

research due to their impressive features including biocompatibility and biodegradability, injectability, 

mechanical stability, high water absorption capacity, and tissue-like elasticity. Furthermore, peptide 

hydrogels can be used as carriers in drug and gene delivery since, given their porous structure, they allow the 

entrapment of different molecules (such as drugs, nucleic acids and metal nanoparticles) with antibacterial 

activity. Nanoparticles in the hydrogel are normally used as nanofillers and nano crosslinkers. In order to 

obtain hydrogel nanocomposites, a variety of organic or inorganic nanoparticles known as nanofillers are 

mixed in the hydrogel matrix, and this results in very high enhancement of both internal and external 

properties of the conventional hydrogel matrix. The combination of organic/inorganic components in the 

hydrogle network lead to extremely modified chemical and physical, biological, swelling, and releasing 

properties. 

 In this Ph.D. thesis, we developed a hydrogel by the self-assembly of a short peptidic sequence, the 

hydrogelator Fmoc-Phe3, enzymatically synthesized in water by a lipolytic enzyme, starting from L-

Phenylalanyl-L-phenylalanine (Phe2) and an N-(9-Fluorenylmethoxycarbonyl)-L-phenylalanine (Fmoc-Phe). 

The formed tripeptide molecules  (Fmoc-Phe3) self-assemble in water into a three-dimensional fibrous 

structure. We focused our attention on the synthesis and characterization of novel peptide-based hydrogel 

composites containing metal and metal oxide nanoparticles such as silver (Ag), titania (TiO2), and magnetic 

(γ-Fe2O3) NPs, due to their potential antibacterial and environmental applications. On this basis we 

employed silver salts to develop an in situ one-pot approach for preparing AgNPs inside of the peptide 

hydrogels using a photochemical synthesis, without any toxic reducing agents. In this study the effect of 

“green” reducing agents as honey on both the mechanical stability of the hydrogel composite and as capping 

agent for the AgNPs was investigated. The structure and morphology of the nanohybrids were characterized 

with different techniques such as FESEM, UV-Vis, DLS, SAXS, and XPS. Moreover, the antibacterial 

properties of these composites were investigated on a laboratory strain and a clinical isolate of 

Staphylococcus aureus. Results demonstrated that honey increased both the swelling ability and mechanical 

stability of the hydrogel. In addition, those hydrogel composites containing honey showed monodispersed 

AgNPs.  Finally, a higher antibacterial effect of AgNPs in the hybrid was observed in the presence of honey. 

Regarding titania nanoparticles (TiO2NPs), we used  commercial ones in the anatase phase and impregnated 

the peptide hydrogels with them. Two different concentrations of NPs were hired to see the effect of 

concentration on different parameters of the peptide hydrogel such as toughness and swelling abilities. In 

addition, the effect of ultrasound waves on the dispersion of the NPs inside of the peptide hydrogels, along 

with its effect on the synthesized composite like mechanical stability and water absorbance was studied. The 

results demonstrated that increasing the concentration of the NPs along with the sonication can increase the 

mechanical stability of the hydrogel significantly but the swelling ability obeys the reverse trend, which may 

be related to the cross-section caused by the NPs. The antibacterial tests against laboratory Staphylococcus 

aureus strain and two Methicillin-Resistant S. aureus (MRSA) clinical isolates demonstrated that after 

encapsulation of the NPs inside of the hydrogels, their toxicity increased significantly in the presence and 

absence of UV light. 

Maghemite NPs modified with Polyacrylic acid (γ-Fe2O3@PAA), were synthesized successfully and 

characterized using various techniques such as FESEM, UV-Vis, DLS, TEM, and XPS. The results showed 

that PAA can increase both the monodispersity of the NPs and their stability. After impregnation of peptide 

hydrogels with γ-Fe2O3@PAA NPs, their environmental application for the adsorption of heavy metal ions 

like Cr(III), Ni(II), and Co(II) and some dyes such as methyl orange (MO), methylene blue (MB), and 

rhodamine 6G (Rh6G)  was studied. The results of the removal studies demonstrate that the encapsulation of 

γ-Fe2O3NPs in peptide hydrogels in the presence of an external magnetic field increases the adsorption 

efficiency of the hydrogel matrix for the metal ions and desired dyes tested in this study by more than 50% 

for each.   
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List of abbreviations  
The following table describes the significance of various abbreviations and acronyms used 

throughout the thesis. Standard acronyms used once in the text are not in this list. 

 
Abbreviation  Meaning  

AgNPs  Silver nanoparticles  

AgNPs-SDS Silver nanoparticles coated with sodium dodecyl sulfate 

AgNPs-3MPS Silver nanoparticles coated with 3MPS 

AgNPs/hgel Silver nanoparticles impregnated in hydrogel 

AgNPs/hgel-honey Silver nanoparticles impregnated in hydrogel 

ATR  Attenuated total reflectance  

DLS Dynamic light scattering 

EDS Energy dispersive X-ray spectroscopy 

FESEM Field emission scanning electron microscopy 

FT-IR Fourier transform infrared 

γ-Fe2O3NPs γ-Fe2O3-polyacrylic acid (PAA) nanoparticles 

Fmoc-Phe (Fluorenylmethoxycarbonyl-phenylalanine)   

γ-Fe2O3NPs@HG γ-Fe2O3NPs embedded in peptide hydrogel 

hgel Hydrogel 

hgel/AgNPs-SDS Hydrogel impregnated with AgNPs-SDS 

hgel/AgNPs-3MPS Hydrogel impregnated with AgNPs-3MPS 

hgel-TiO2NPs Hydrogel impregnated with TiO2NPs 

HG Fmoc-Phe3 hydrogel  

ICP-AES Inductively coupled plasma-atomic emission spectrometer 

MB Methylene blue 

MO Methyl oragne 

3MPS 3-Mercapto-1-propanesulfonate 

MNPs Magnetic nanoparticles 

MRSA Methicillin-resistance s. aureus 

MIC Minimum inhibitory concentration 

NPs Nanoparticles 

NaBH4 Sodium borohydride 

Phe2 Phenylalanine dipeptide 

PAA Polyacrylic acid 

Rh6G Rhodamine 6G 

SAXS Small-angle X-ray scattering (SAXS) 

S. aureus Staphylococcus aureus 

SDS Sodium dodecyl sulfate 

TiO2NPs Titanium(IV) dioxide nanoparticles 

XPS X-ray photoelectron spectroscopy 
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1. Introduction 

 

1.1. Hydrogels, properties, and their classification  

Hydrogels are a class of interesting biomaterials exhibiting unique structures and properties and a 

very high potential for medical, therapeutic, and diagnostic applications1. The term hydrogel 

appeared first in the literature in 1896 by Bemmelen. These biomaterials consist of two 

components: a solid phase and a liquid phase, i.e. water. The solid phase is generally a polymeric 

network or a supramolecular structure given by the self-assembly of less complex structures. The 

liquid phase (water) is trapped in the meshes of the three-dimensional solid phase network. Its 

amount can reach 99% of the weight of the entire material2. A schematic representation of the 

hydrogel mesh structure is shown in Figure 1.13.  

 

Figure 1.1. Structure of a hydrogel at molecular level
3.  

 

Hydrogels can be classified according to the nature of the cross-links present in the three-

dimensional lattice4.  

1. physical, weak, reversible bonds (entanglement between chains, physical interactions such as 

hydrogen bonds, ionic interactions, Van der Waals forces, hydrophobic interactions, π-π aromatic 

stacking); which are reversible and can be altered by environmental (physical) changes (e.g., 

temperature) or chemical changes (e.g.  pH) and do not produce any modification in the chemical 

structure5,6. Some natural polymers capable of forming physical hydrogels are proteins, such as 

collagen and gelatin, and polysaccharides, such as alginate and agarose7. Self-assembling hydrogels 

belong to the group of physical hydrogels8. 

2. Covalent, irreversible bonds present in chemical hydrogels. Crosslinking can be achieved by 

adding crosslinking agents. In this case, the resulting material has excellent mechanical properties 
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and good stability9. The use of chemical hydrogels in biomedical applications is hampered by the 

use of toxic cross-linkers during their preparation and by the reduced possibility of manipulating 

them. In Figure 1.2 different classification criteria of the hydrogels are represented10.  

 

Figure 1.2. Classification of the hydrogels
10.  

 

An interesting class of hydrogels consists of those based on peptides, which are biological 

macromolecules composed of amino acids covalently linked together by peptide bonds11. Self-

assembling peptides are a particular class of molecules characterized by the ability to spontaneously 

organize themselves into ordered and stable structures, in conditions of thermodynamic equilibrium, 

thanks to the formation of non-covalent bonds (hydrogen bonds, ionic bonds, hydrophobic 

interactions, Van der Waals forces) between the side chains of the amino acids of which they are 

composed12. These intra- and inter-molecular interactions allow the peptide to organize itself into 

secondary (α-helix and β-sheet) and tertiary (fibers and fibrils) structures13. The self-assembly 

process is based on the interaction of pre-existing components (parts of a disordered system), 

which, under certain conditions, create a new complex (ordered) structure. Figure 1.3 shows the 

process by which peptide hydrogelators self-assemble to form the fibrous network of the 

hydrogel14.  

Self-assembly is due to both the nature of the individual amino acids and their position in the 

sequence. It is therefore possible to obtain a certain secondary structure by choosing and suitably 

arranging the amino acids. Furthermore, self-assembly depends on various factors external to the 

intrinsic structure of peptides, such as pH, time, temperature, and concentration15. Interest in these 

peptides has increased due to their capacity to self-aggregate into aqueous solution, which allows it 

to form 2D and 3D structures (the hydrogels). In recent years, the possibility of obtaining stable 

hydrogels using short peptides has emerged with molecular weight (short peptides). These, when 
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found in water under specific conditions pH, and temperature, can act as hydrogelators16,8. They 

self-assemble into supramolecular structures, such as nanofibres, which, thanks to physical 

entanglements, give rise to the lattice, which constitutes the solid phase of hydrogels. During this 

process, the water is trapped inside the mesh of the 3D network. 

 

Figure 1.3. Self-assembly process of peptide hydrogelators
14.  

 

It recently was found that using self-assembling short peptides with an aromatic moiety in the chain 

lateral generates more stable hydrogels with a denser fibrillar network164. This is due to interactions 

of π-π stacking which are formed between the aromatic side chains of the peptides and which they 

therefore stabilize the secondary structure166. Hence, the amino acid phenylalanine (Phe) and 

tyrosine (Tyr), which have benzyl and phenyl groups in the side chain, are good candidates for 

making stable hydrogels. 

It has been verified that the Fluorenyl-methoxycarboxylic group (Fmoc), used as a protecting agent 

for -NH2 in the amino acids during the synthesis of the hydrogel, thus contributing to the formation 

of physical bonds in the gel texture165,166. The Fmoc group (Figure 1.4) contains aromatic rings that 

give π-π stacking with other aromatic rings present in the system. This positively affects the self-

assembly of peptide hydrogels17. 

 

Figure 1.4. Structure of Fluorenyl-methoxycarbonyl chloride (Fmoc-Cl)
17. 
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 An interesting approach for the synthesis of self-assembling hydrogelators involves the use of 

lipolytic enzymes (lipases) of microbial origin, enzymes capable of catalyzing the formation of the 

peptide bond between the substrates18,19,20. 

Lipases are enzymes belonging to the enzymatic class of the triacylglycerol hydrolases (EC 

3.1.1.3). In nature, lipases hydrolyze the ester bonds in triglycerides in fatty acids, diglycerides, 

monoglycerides, and glycerol working on the interface between the aqueous phase, where the 

enzyme is soluble, and the lipidic phase of the substrate21. All lipase, regardless of the organism, 

have the same structural element, a central β sheet given by parallel filaments alternating with an α 

helix. This structure is known as α/β hydrolase fold22.  

In the active site, there is the catalytic triad, which is well preserved in most lipolytic enzyme 

families, of which the amino acid composition is known. The amino acid order in the catalytic triad 

is Ser-Asp-His, where serine is the essential nucleophilic residue for catalysis23. 

Some lipases present the catalytic site covered by a superficial handle known as a “flap” or “lid”. 

The lid can have two conformations: closed and open. In the closed conformation, the lid makes the 

active site inaccessible for every substrate. The lid rotation leads to the open conformation and 

makes it accessible to the substrate of the active site173. 

Lipases are enzymes very diffused and some of their catalytic properties depend on the 

microorganism which they come from. Lipases from microorganisms are generally highly 

employed in biocatalysis because they are easily purified and present a low substrate specificity. An 

organism that produces thermostable extracellular lipases and proteases is the bacterium 

Pseudomonas fluorescens171. In particular the high conformational stability makes these lipases 

good candidates to catalyze reactions for biotechnological applications. 

Peptide hydrogels are often used for applications in the biomedical sector due to their 

biocompatibility, biodegradability and ability to give rise to biomimetic structures (i.e. capable of 

mimicking some properties of extracellular matrices)24. Furthermore, the self-assembly eliminates 

the use of toxic chemical cross-linking agents during the preparation phase to allow the system to 

gel152. Hydrogels are used in various fields of regenerative medicine thanks above all to their ability 

to trap water, which makes them, in some ways, very similar to human tissue25. Precisely for this 

reason, they are widely used in tissue engineering176. Thanks to the ease of realization of hydrogels 

and the possibility of modifying their structure, it is possible to create scaffolds with specific 

physical and chemical properties based on the type of application required. Furthermore, hydrogels 

can be used as carriers in drug and gene delivery, since, given their porous structure, they allow the 

trapping inside of bioactive molecules (such as drugs, nucleic acids, and metal nanoparticles with 

antibacterial activity)164,26. 



 

11 

 

The diffusion coefficient of the trapped drug depends on the porosity of the hydrogel, i.e. on the 

size of the meshes and the degree of cross-linking: larger mesh sizes allow a more rapid diffusion of 

the molecules present inside them (Figure 1.5). By modulating the structure of the hydrogel, drug 

release can be controlled27.  

 

Figure 1.5. Diffusion of the drug from the hydrogel as a function of the mesh size of the lattice
27. 

 

 

1.2. Nanoscience and nanotechnology 

Nanoscience involves studying materials at the atomic, molecular, and macromolecular scales. It is 

a highly multidisciplinary science that arises from the combination of quantum mechanics, 

supramolecular chemistry, materials science, and molecular biology28. 

Nanotechnology is a branch of applied science and technology that relies on notions and methods 

deriving from nanoscience for the design, synthesis, characterization and application of nanoscale 

materials29. The first reference to nanotechnologies, dates back to 1959, when the American 

physicist Richard P. Feyman, in his speech remembered as "There's plenty of space at the bottom", 

made considerations about the possibility of building machines at the molecular level and directly 

manipulating matter at the atomic scale30.  

The charm of nanotechnologies lies in the fact that, in the passage from the macroscopic to the 

nanoscopic universe, the chemical-physical, optical, electronic and magnetic properties change. In 

this way, it is possible to manufacture materials and systems with completely new properties 

compared to those relating both to massive substances and to isolated molecules or atoms. This 

change is because nanostructured materials, compared to macroscopic ones, have a high percentage 

of surface atoms, which strongly influence their characteristics and behaviors31. 
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Nanoparticles (NPs) are colloidal particles formed by atomic or molecular aggregates with 

dimensions in the order of nanometers (1-100 nm)32. Their small size allows them to exhibit new 

and significantly improved physical, chemical, and biological properties. Two types of approaches 

for the synthesis of nanomaterials can be distinguished: 

1. Top-down approach: reducing the dimensions of structures down to the nanometric scale using 

physical methods;  

2. Bottom-up approach: using small components, normally molecules or their aggregates, as 

"building blocks" and controlling their assembly to create nanomaterials. These techniques are 

based on the nucleation and subsequent growth of nanostructures5.  

Currently, the Top-down techniques are the most consolidated, while the Bottom-up, to which they 

are associated with the higher expectations, are still in the development stage. In terms of chemical 

composition they can be divided into:  

1. Nanoparticles of an organic nature: polymers, liposomes, micelles, dendrimers, nanotubes 

carbon.  

2. Inorganic nanoparticles: metallic (eg gold or silver), based on metal oxides, silica, semiconductor 

materials (quantum dots), magnetic. Figure 1.6 shows different types of nanoparticles. 

 

Figure 1.6. Different types of nanoparticles
33

. 
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These nanostructures can exhibit different morphologies, such as nanospheres, nanorods, nanotubes 

and nanofilms. Furthermore, the surface can be functionalized with specific ligands, which 

increases its versatility6. 

Some of the countless current or potential applications of nanotechnology in science and technology 

are illustrated below.  

1. Textile industry 

Fabricating of fabrics containing nano-sized particles or fibers allows for improved properties 

without a significant increase in weight, thickness, or stiffness. Some examples of the application of 

nanomaterials in this field are the use of nano-fibers to make water-resistant trousers and stainless 

materials or the use of silver nanoparticles with a bactericidal action to make anti-odor clothing34. 

2. Environment 

The use of nanostructured catalysts allows the transformation of a greater quantity of chemical 

substances simultaneously, as they have a greater surface area to interact with them. This type of 

high-performance catalyst can be used to transform the polluting vapors that escape from cars or 

industrial plants into harmless gases, consequently improving air quality35. Furthermore, 

nanotechnologies are being exploited to reduce industrial water pollution. For example, 

nanoparticles through certain chemical reactions are able to convert contaminating substances and 

make them harmless36. 

3. Chemical sensors 

Carbon nanotubes, zinc oxide nanowires or palladium nanoparticles can be used as sensing 

elements in nanotechnology sensors. The operating principle is based on the change of the electrical 

characteristics, such as resistance or capacity, of the sensitive element following the interaction with 

the substance to be measured by the sensor. Having a high surface area, nanosensors allow 

detecting even very low concentrations of the investigated substance37. 

4. Nanomedicine  

Nanoparticles are particularly used in the biomedical sector as their dimensions are comparable to 

those of biological systems and this allows direct interaction with these systems38. In particular they 

are used in: 

4.1. Diagnostics 

Current in vitro diagnostic techniques present various criticalities, such as long analysis times, high 

costs, inaccurate results, the need to use complex instruments, and therefore to rely on specialized 

personnel. Such techniques, therefore, do not allow for a quick and easy point-of-care diagnosis39. 
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The use of nanostructured materials in biosensors has recently attracted the attention of researchers 

thanks to their peculiar and advantageous properties. The high surface area to volume ratio of 

nanomaterials allows for greater interactions between the target and the sensor, making a more 

reliable sensing technique40. Furthermore, nano-sized materials have unique electrochemical, 

optical, and mechanical properties that help strengthen biological signaling and transduction 

mechanisms and enhance signal amplification41,42,43. Additional benefits include the ability to 

develop systems that are smaller in size, useful in point-of-care testing, improved accuracy and 

selectivity, the ability to use smaller sample quantities to obtain a response, and, in most cases, 

reduced maintenance costs44,45. Nanotechnology-based biosensors have recently found wide use for 

the detection of the Sars-CoV-2 virus. About in vivo diagnostics, nanoparticles are considered 

highly sensitive and reliable sensing agents, able to mark the site of disease (nanoimaging) and 

monitor the therapy process46. 

4.2. Antibacterial activities 

Some nanoparticles, such as silver, and titania are toxic to bacteria and not to human cells, although 

their mechanism of action is not yet fully known. This application is currently very important, as 

bacterial resistance to antibiotics  is a constantly growing phenomenon8,47. 

4.3. Drug delivery and gene delivery 

The term Drug Delivery System (DDS) refers to the branch of pharmaceutical technology that deals 

with the encapsulation, transport, and release of drugs in a target site (organ or tissue). 

Nanomaterials have attracted enormous interest in this area in recent years48,49,50. The first DDS to 

use nanoparticles as drug carrier was developed in 1978 and consisted of a liposome22. Gene 

delivery, on the other hand, consists of the transport of exogenous genetic material (DNA or RNA). 

This must then be released into the host cell to allow it to induce gene expression51. 

Many advantages make nanocarriers very interesting in the delivery of bioactive molecules52: 

1. Protection of the bioactive molecule contained in the nanoparticles from premature degradation; 

2. Greater efficiency in reaching the target site; 

3. Control of the release of the trapped bioactive molecule, by varying the pH conditions 

4. Temperature of the surrounding medium; 

5. Reduction of side effects, such as toxicity and the development of resistance to drugs, since 

nanoparticles allow a reduction for administered drug necessary for treatments; 

6. Greater ability to bypass biological barriers thanks to their dimensions in the order of 

nanometres, favoring cellular uptake. 
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On the other hand, nanoparticles circulating in the bloodstream to the target site may undergo 

elimination by the Mononuclear Phagocytic System (MPS), also called the reticuloendothelial 

system (RES), before the target site is reached. To address the problem, nanoparticles can be 

functionalized with coating agents, such as PEG, resulting in better circulation times and an 

increase in the therapeutic efficiency of the drug53. Once the site of interest has been reached, the 

nanoparticles will be able to adhere to the target cells, penetrate inside them, and release the loaded 

substances. 

The materials chosen for the construction of nanocarriers must meet certain requirements, such as 

biocompatibility, biodegradability (to avoid accumulation phenomena), non-toxicity, and stability. 

They also need to be cheap and easily available54,27. Currently, the research is focused on the 

modulation of the basic properties of nanoparticles, i.e. size, surface properties, and stability, to 

obtain an ideal transport system. 

The main types of NPs used for the delivery of bioactive compounds are as follows: 

1. Polymeric nanoparticles: thanks to the various advantages they possess, polymeric nanoparticles 

represent the most proposed nanocarriers for the conveyance and direction of bioactive 

molecules55,56,57. In fact, they are biodegradable, biocompatible, and versatile as they are able to 

trap a wide range of therapeutic agents58. Compared to other colloidal carriers, they have greater 

chemical-physical stability and a better ability to modulate the release59. 

2. Inorganic nanoparticles: Of all the NPs, inorganic NPs (quantum dots, metallic NPs, etc) are 

among those that are most abundantly produced and used commercially60. They are being used as 

therapeutic agents because of their anticancer and antimicrobial activities. They can be used to 

create antimicrobial nanocomposite films61. Silver, gold, zinc oxide (ZnO), and titanium oxide 

(TiO2) NPs are the examples of inorganic nanoparticles whic can be used in cosmetics because of 

their excellent drug delivery system, skin whitening and moisture retention properties62.  

3. Liposomes: Liposomes are self-assembled (phospho)lipid-based drug vesicles that form a bilayer 

(uni-lamellar) and/or a concentric series of multiple bilayers (multilamellar) enclosing a central 

aqueous compartment63. Their similar nature to the human cell membrane makes them 

biocompatible and are the most used nanocarriers in drug delivery64,65,66. 

4. Dendrimers: they are macromolecules formed by monomeric or oligomeric units containing a 

series of ramifications, which extend from a central nucleus. The empty area present within the 

structure, the extent of the ramifications, the possibility of functionalizing the terminal groups, the 

ease of preparation and the control of the dimensions offer great potential for the delivery of 

drugs67. 
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Other examples of application of nanoparticles are illustrated in Figure 1.7. 

 

 

Figure 1.7. Present and future applications of nanoparticles
68

. 

 

1.3. Silver nanoparticles, synthesis, properties, and their applications 

Silver nanoparticles (AgNPs) are among the most widely used nanostructured materials in the 

biomedical field thanks to the antibacterial properties of silver. This is usually used in the Ag+ ionic 

form, as the AgNO3 nitrate salt, to induce antimicrobial activity, but in recent years, research has 

shifted its focus to silver in the form of nanoparticles69. In fact, AgNPs are more reactive and 

therefore have a greater antibacterial activity as there is an increase in the surface available to be 

exposed to microbes (high surface/volume (S/V) ratio typical of nanomaterials)70. The antibacterial 

properties of AgNPs are influenced by various factors, among which there are the surface chemical 

characteristics, the size (as the size decreases, the S/V ratio increases and therefore the antibacterial 

properties improve), the concentration, the shape, the presence of capping agents, the state of 

agglomeration, the rate of dissolution, the reactivities in solution, the rate of ion release and the type 

of reducing agent used for their synthesis71. Furthermore, the antibacterial activity of AgNPs also 

depends on the type of microorganism against which they act and, specifically, on the thickness and 

composition of its cell wall72,73. 

Although silver nanoparticles have been shown to be effective against over 650 microorganisms, 

including Gram-positive bacteria (Bacillus, Clostridium and various Cocci), Gram-negative 

(Escherichia, Pseudomonas and Salmonella), fungi and viruses, the mechanism of action is not yet 

fully understood74. 
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However, some mechanisms of antimicrobial action have been identified (Figure 1.8):75,76,77 

1. AgNPs are able to adhere to the bacterial cell wall and induce a morphological variation of the 

membrane, which leads to an alteration of its permeability and transport mechanisms. This results 

in rupture of the cell wall. The adhesion process is due to the electrostatic attraction created 

between the positively charged AgNPs and the negatively charged cell membrane. 

2. AgNPs are able to penetrate inside the cell, above all by endocytosis, and therefore to damage its 

intracellular structures, such as mitochondria, vacuoles, and ribosomes. Also, once in the cell: 

3. They interact with DNA, altering its normal replication.  

4. They deactivate vital enzymes of the bacterium, thanks to the interaction that is formed between 

Ag+ ions released by the AgNPs and the thiol, amine, and phosphate groups present in these 

enzymes (high affinity of the Ag+ for biomolecules).  

5. Destabilize the enzymes of drug-resistant microorganisms, interfering with their ability to use 

oxygen for metabolic activities.  

6. AgNPs induce the formation of free radicals (such as ROS) which are toxic to the bacterial cell 

they meet. The cell is subjected to oxidative stress, which causes damage to its membrane.  

7. AgNPs affect the regulation of signal transduction in bacteria by dephosphorylation action on 

tyrosine residues. This action leads to the inhibition of transduction and subsequent growth arrest.  

 

Figure 1.8. Representation of the four main mechanisms of antimicrobial action of AgNPs
78. 
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In addition to the mechanisms illustrated above, AgNPs are capable of modulating the immune 

system of humans through the induction of inflammatory responses that further inhibit microbial 

active. 

The knowledge of the chemical reactions that take place on the surface of AgNPs and their 

interactions with the environment in which they are located has allowed us to better understand the 

mechanism of antibacterial action. Among the observed phenomena, there is aggregation, 

dissolution, redox photoreactions, and release or absorption of silver species and ions (Figure 1.9). 

 

Figure 1.9. Reactions taking place on the surface of AgNPs
79. 

 

It was understood that silver performs the real antibacterial action when it is in the form of Ag+ ion 

(oxidation state = +1). Therefore, the AgNPs consisting of Metallic Ag have an antibacterial 

activity when they release Ag+ ions in solution. Instead, the core of the nanoparticle, consisting of 

metallic Ag atoms with an oxidation state equal to zero, acts as a reservoir for the release of new 

Ag+ ions. 

 Silver nanoparticles, are used in different sectors (Figure 1.10), such as in the biomedical, food, 

and other industrial fields, both in pure form and in combination with other materials thanks to their 

unique chemical-physical properties80,81. The applications of silver nanoparticles are innumerable; 

they are used in household products, for health, as antibacterial agents82, in medical device coatings, 

in optical sensors83,84, in the field of cosmetics, as anticancer agents57, in the pharmaceutical and 

textile industries, in the diagnostics and orthopedics85. The most interesting applications are 

certainly those in the biomedical sector, in which the antibacterial, antifungal, antiviral, anti-

inflammatory, antitumor, and antiangiogenic properties of AgNPs are exploited86,87,88. Silver-based 

nanomaterials are powerful tools used by nanomedicine to overcome the increasingly widespread 

problem of antibiotic resistance. 
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Figure 1.10. Some applications of AgNPs
89

. 

 

The synthesis of AgNPs can be achieved through conventional (physical and chemical) and 

innovative (biological) methods. Due to low efficiency of physical methods, such as laser ablation90 

and metallic evaporation91, chemical synthesis is generally preferred92. The simplest method for the 

chemical synthesis of silver nanoparticles consists of the reduction in the liquid or organic phase of 

a silver precursor by a compound reducing agent, for example, sodium borohydride or sodium 

citrate. The three components required for the reaction are: 

1. Metallic precursor (in this case AgBF4 or AgNO3);  

2. Reducing agent (eg NaBH4 or sodium citrate);  

The major problems that could be encountered using physical and chemical methods for the 

synthesis of AgNPs are related to the high cost and the use of toxic chemicals that can represent a 

possible biological and environmental risk93. Furthermore, these nanoparticles can be used in the 

biomedical field and therefore must meet precise standards of final purity68. To overcome these 

problems, innovative methods of biological synthesis have been developed in recent years, which 

are more sustainable and less harmful to the individual and the environment94. These methods, 

compared to the chemical-physical ones, also allow a simpler control of the size, shape, and 

distribution of the silver nanoparticles obtained. For example, currently, some of the most widely 

used methods involve the use of bacteria, fungi, and plant extracts95. These are generally bottom-up 

approaches, in which reduction or oxidation reactions take place by microbial enzymes or 

photochemical components of plants96.  

The most accepted mechanism for the biosynthesis of AgNPs in vivo foresees in a first step the 

trapping of Ag+ ions on the cell surface of microorganisms (fungi or bacteria), followed by the 
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reduction of Ag+ to Ag0 through the action of specific enzymes, such as nitrate reductase97. The 

reduction is NADPH-dependent and the nitrate is converted to nitrite by electron transfer to the 

silver ion (from Ag+ to Ag0). This synthetic mechanism has been observed in the bacterium Bacillus 

licheniformis98 and in the fungus Fusarium oxysporum99. Compared to bacteria, fungi are able to 

produce higher quantities of AgNPs due to the synthesis of the higher amount of enzymes involved 

in this synthesis100. Finally, biological methods also include those that use microalgae, plants 

belonging to the class of chlorophytes, which in recent years have been increasingly used in science 

and technology101. Their use is advantageous, as they require mild conditions (light and water) for 

growth, have reduced growth times, and are capable of producing compounds that are useful on an 

industrial level. Therefore, recently, synthesis protocols of silver, gold, zinc, and iron nanoparticles 

have been developed which involve the use of microalgae102. 

Another approach that has recently been developing in the synthesis of silver nanoparticles involves 

the replacement of classic chemical reducing agents, such as NaBH4, with simple sugars. Among 

these, those sugars with the greatest reducing activity are monosaccharides103. For sugar to have 

reducing activity, it must exist in an open chain form with an aldehyde or ketone group, in the case 

of an aldose or a ketone respectively. The reducing function is performed by the carbonyl group, 

which transfers the electrons to another species, for example to Ag+, oxidizing itself in turn. 

Various works have been reported in the literature in which the reduction of silver salt takes place 

by carbohydrates, especially glucose, fructose, and lactose104,105,106. A very similar approach to 

using carbohydrates for a silver salt reduction involves the use of complex natural matrices 

containing reducing sugars, such as honey20. It is a complex water-based matrix containing about 

200 substances, especially the monosaccharides fructose and glucose.  

In addition to its traditional use in the food sector, honey has been widely used thanks to its 

therapeutic effects. For centuries, it has found application in the traditional medicine of the ancient 

Egyptian, Greek, and Indian populations. Currently, in modern medicine, honey is widely used 

especially for its antioxidant and antimicrobial power82. It is used in the production of medications 

for its ability to stimulate cytokines, in the treatment of viral infections (including those in the 

gastrointestinal tract), and in the treatment of ophthalmic disorders, such as conjunctivitis or corneal 

problems107. Honey not only performs a reducing action against the Ag+ ion but also is involved in 

the stabilization of the obtained nanostructures. Its stabilizing action is most likely due to the 

peptide component present in its matrix82. 

The AgNPs obtained with this completely green innovative methodology have more promising 

characteristics than those produced with a chemical method: the obtainable dimensions are a few 
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tens of nanometers, the stability of the colloid is several months and their antibacterial activity is 

preserved82. 

1.4. Titania nanoparticles, synthesis, properties, and their applications 

Nanocrystalline Titanium dioxide (TiO2) is a well-known semiconductor with photocatalytic 

activities, having great potential as a self-cleaning and self-disinfecting material in many 

applications. TiO2 has been used broadly for killing different groups of microorganisms including 

bacteria, fungi, and viruses because it has high photoreactivity, broad-spectrum antibiosis, and 

chemical stability108,109,110,111. TiO2 NPs decompose organic compounds by the formation and 

constant release of hydroxyl radicals and superoxide ions when exposed to non-lethal ultraviolet 

(UV) light, which is highly efficient in inhibiting the growth of methicillin-resistant Staphylococcus 

aureus  (MRSA)112. This potent oxidizing power of TiO2 NPs can be used against bacteria and other 

organic substances113,114,115. Regarding their industrial importance, the global market size of 

TiO2NPs was estimated to be $1.1 billion in 2021 and predicted to reach 2.5 million tons by 

2025116,117. In the biomedical fields, TiO2NPs are frequently studied for photodynamic 

therapy,118,119 drug delivery,120 antimicrobial applications,121,122 biosensors,123 and tissue 

engineering124. Figure 1.11 shows some current and future applications of TiO2NPs. For all these 

mentioned applications, an appropriate surface modification of TiO2NPs is required to improve 

their physicochemical properties and biological effects and, more importantly, decrease their 

potential toxicity in mammalian cells125. The surface modification not only prevents the 

agglomeration of TiO2NPs but also provides the possibility for further 

functionalization/conjugation., and is forecasted to have a compound annual growth rate of 6.5% 

until 2026, with annual production.  

 

Figure 1.11. Current applications and potential future use of TiO2. PDT, photodynamic therapy; PACT, antimicrobial 

photodynamic therapy; DSSC, dye-sensitized solar cell
126. 
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The relevant titanium dioxide is a semiconductor-based material with an energy gap of 3.23 eV for 

anatase and 3.06 eV for rutile polymorph127,128. If the molecule absorbs a photon with energy higher 

or equal to that value, it passes to an excited state and can produce negative electrons in the 

conduction band, leaving positively charged holes in the valence band. Free electrons may attack 

surrounding oxygen and water molecules to form ROS, including superoxide (O2
•-), hydrogen 

peroxide (H2O2), and hydroxyl radical (OH•) (Figure 1.12)129. These forms of oxygen are highly 

unstable in biological systems and react with the cell components causing apoptotic or necrotic cell 

death. It has also been proven that TiO2NPs inhibit efflux-mediated multidrug resistance105. Due to 

the nature of TiO2NPs when dispersed in aqueous solutions, in most cases, they tend to form 

agglomerates130,131. These forms have a decreased surface area and thus reveal also lower 

photoactivity. In addition to the biological activity of TiO2NPs, sedimentation may lower their 

concentration and interfere with the reproducibility of the results, as well as prevent the steady 

dosage. Therefore, stable formulations of NPs anchored to supporting materials would be of great 

significance. Various materials have been tested as scaffolds such as glass, activated carbon, silica 

material, and polymeric materials132133  

 

Figure 1.12. Simplified mechanism of reactive oxygen species generation by TiO2
105. 

 

The antimicrobial activity of nanoparticles is highly influenced by several intrinsic factors such as 

their morphology, size, chemistry, source, and nanostructure134,135. Specifically, the antimicrobial 

activity of TiO2NPs is greatly dependent on the photocatalytic performance of TiO2, which depends 

strongly on its morphological, structural, and textural properties136. Titanium dioxide produces 

amorphous and crystalline forms and primarily can occur in three crystalline polymorphous: 
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anatase, rutile, and brookite. Studies on synthesis have stated that the crystalline structure and 

morphology of TiO2NPs are influenced by process parameters such as hydrothermal temperatures, 

starting concentration of acids, etc.137. The crystal structures and the shape of TiO2NPs are both the 

most important properties that affect their physicochemical properties, and therefore their 

antimicrobial properties138. Regarding the crystal structures, anatase presents the highest 

photocatalytic and antimicrobial activity. Some works have shown that anatase structure can 

produce OH˙ radicals in a photocatalytic reaction. TiO2 is a thermally stable and biocompatible 

chemical compound with high photocatalytic activity and it has presented good results against 

bacterial contamination139. Table 1.1 presents some research including the antimicrobial capacity of 

TiO2NPs140. 

 

Table 1.1: TiO2 nanoparticles against different microorganisms and their antimicrobial activities
116. 

Microorganism NPs Results 

Methicillin-resistant Staphylococcus 

aureus141  

Fe3O4-TiO2 core/shell 

magnetic NPs 

The survival ratio [%] of bacteria decreased 

from 82.40 to 7.13%. 

Staphylococcus saprophyticus117 Fe3O4-TiO2 core/shell 

magnetic NPs 

The survival ratio [%] of bacteria decreased 

from 79.15 to 0.51%. 

Streptococcus pyogenes142 Fe3O4-TiO2 core/shell 

magnetic NPs 

The survival ratio [%] of bacteria decreased 

from 82.87 to 4.45%. 

Escherichia coli 143 TiO2 nanotubes 

~ 20 nm 

97.53% of reduction 

Staphylococcus aureus119  TiO2 nanotubes 

~ 20 nm 

99.94% of reduction 

Bacillus subtilis144  TiO2 NPs co-doped with silver 

(19–39 nm) 

1% Ag-N-TiO2 had the highest antibacterial 

activity with antibacterial diameter reduction 

of 22.8 mm 

Mycobacterium smegmatis145  Cu-doped TiO2NPs 

~20 nm 

The percentage of inhibition was around 47% 

Pseudomonas aeruginosa146  TiO2 NPs 

10–25 nm 

Although it was not completely euthanized, 

their survival was significantly inhibited. 

Shewanella oneidensis MR-1121  Cu-doped TiO2 NPs 

~20 nm 

The percentage of inhibition was around 11% 

 

Titanium dioxide nanoparticles (TiO2NPs) are one of the most studied materials in the area of 

antimicrobial applications due to their particular abilities, such as bactericidal photocatalytic 

activity, safety, and self-cleaning properties. The mechanism referred to the antimicrobial action of 

TiO2 is commonly associated to reactive oxygen species (ROS) with high oxidative potentials 

produced under band-gap irradiation photo-induces charge in the presence of O2
147. ROS affects 

bacterial cells by different mechanisms leading to their death. Antimicrobial substances with broad-

spectrum activity against microorganisms (Gram-negative and Gram-positive bacteria and fungi) 

are of particular importance to overcome the MDR (multidrug resistance) generated by traditional 

antibiotic site-specific. 
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The main photocatalytic characteristic of TiO2 is a wide band gap of 3.2 eV, which can trigger the 

generation of high-energy electron–hole pair under UV-A light with a wavelength of 385 nm or 

lower122. As mentioned above for bulk powder, TiO2NPs have the same mechanism based on the 

ROS generation with the advantage of being at nanoscale. This nanoscale nature implies an 

important increase in surface area-to-volume ratio that provides maximum contact with 

environment water and oxygen148 and a minimal size, which can easily penetrate the cell wall and 

cell membrane, enabling the increase of intracellular oxidative damage. 

Bacteria have enzymatic antioxidant defense systems like catalases and superoxide dismutase, in 

addition to natural antioxidants like ascorbic acid, carotene, and tocopherol, which inhibit lipid 

peroxidation and the effects of ROS radicals such as OH2
•− and OH•. When those systems are 

exceeded, a set of redox reactions can lead to the death cell by the alteration of different essential 

structures (cell wall, cell membrane, DNA, etc.) and metabolism routes149. In the following 

sections, several ways that cellular structures were affected in the presence of TiO2 NPs will be 

described. In order to understand the genome responses of bacteria to TiO2-photocatalysis, some 

biological approaches related to the expression of genes encoding to defense and repair mechanism 

of microorganisms will explained below. Different mechanisms and processes of antimicrobial 

activity of TiO2 NPs are represented as a global scheme in Figure 1.13. 

 

Figure 1.13. Scheme of main antimicrobial activity-based processes
149. 

 

1.5. Magnetic nanoparticles, synthesis, properties, and their applications 

Magnetic nanoparticles (MNPs), a nanoscale material, with unique magnetic properties, have been 

widely used in different fields such as biomedical, energy, engineering, and environment 

applications. The MNPs have become an area of intensive research in recent decades because of 
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their unique and distinguished properties which make their potential application in biomedicine, 

catalysis, agriculture, and the environment150,151,152,153,154. The MNPs are formed from different 

metal elements (either alone or in composites) and their oxides with magnetic characteristics155. 

Properties like high surface area, metal-rich moieties, and tunable structures make MNPs 

nanomaterials of great interest with broad applications in environmental, biomedical, catalysis, drug 

delivery, and bioimaging. Their tuning properties of shape and size have made them a hot topic in 

the past decades, The physicochemical properties of MNPs are different from their parental bulky 

material in terms of large specific surface area, which makes them more superparamagnetic156.  

The past decade has witnessed extensive research in the development of different approaches for 

the synthesis of MNPs. Different synthetic methods have been developed to obtain MNPs of desired 

size, morphology, stability, and biocompatibility. The most common methods include the ball 

milling method, coprecipitation, thermal decomposition, hydrothermal, microemulsion, sol-gel 

method, and biological method to produce MNPs. A graphical illustration of MNPs prepared 

through various routes (physical, chemical, and biological) is given in Figure 1.14157.  

 

Figure 1.14. Schematic illustration of the synthesis of magnetic nanoparticles (MNPs) with different methods
157. 

 

Coprecipitation is the most commonly used method for producing MNPs of controlled size and 

magnetic properties158. It includes the use of less harmful materials and procedures and is widely 

practiced in biomedical applications159. The synthesis of MNPs through coprecipitation is very 

convenient and facile when we need nanocrystals in large quantities. This method is very common 

for the production of NPs of controlled size with good magnetic properties. During the process of 

coprecipitation, different factors like pH, metal ions, and their concentrations, the nature of salt, the 
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reaction temperature can affect the composition of MNPs, particle size, and shape160. The MNPs 

synthesis through coprecipitation is quite simple to obtain uniformly dispersed small-size NPs161. 

Moreover, this method is preferred because of its simplicity but, sometimes it is difficult to control 

the shape of MNPs via coprecipitation.  

The MNPs in the past decade have gained great attention because of their promising results in 

various fields. MNPs with super-magnetic properties, unique size, shape, high surface area, and 

volume ratio, and biocompatibility make their application more promising. Due to these properties, 

it has attracted more researchers from different fields. In this review, we have summarized the 

applications of MNPs in some well-known fields such as biomedicine, biosensing, environment, 

agriculture, and catalysis. Some of the applications of MNPs are shown in Figure 1.15. 

 

  

Figure 1.15. Schematic illustration of applications of magnetic nanoparticles (abbreviated as MNP)
161. 

 

Nowadays magnetic nanoparticles, particularly nano zero-valent iron (nZVI), magnetite (Fe3O4) 

and maghemite (γ-Fe2O3) nanoparticles, and their applications in water treatment are an important 

field of research. They have a capacity for metal uptake from water thanks to some peculiar 

properties:  

1. High surface to volume ratio; as explained above, which implies fast kinetics for contaminant 

removal162.  

2. Magnetism; a very useful property and, compared to sophisticated membrane filtration, a more 

cost effective method to separate nanoparticles from water163.  

3. Ability for surface modification, by covering the particles with inorganic shells or by attaching 

organic molecules to them. These properties may be used to stabilize the particles in order to 



 

27 

 

prevent their oxidation but also to provide them with specific functionalities, for example, to make 

them selective in ion uptake164.  

4. Low toxicity; Iron is a micronutrient, a substance essential for grow and survival in low amounts. 

However it can have adverse effects on living organisms at high concentrations.  

5. Low price; Considering these nanoparticles can be synthesized using mainly iron salts, their price 

is limited, especially if compared with that of other types of nanomaterials, for example, gold 

nanoparticles. 

Iron oxide is naturally abundant in nature in the forms of magnetite, Fe3O4 and maghemite, γ-Fe2O3. 

Hematite (α-Fe2O3) shows weak, size-dependent magnetism while maghemite shows strong 

ferromagnetism165. The performance of magnetic nanoparticles in removing contaminants depends 

on the removal mechanisms applied. The mechanism of heavy metals removal by magnetic 

nanoparticles can proceed through different processes such as adsorption, reduction, and co-

precipitatin (Figure 1.16).  

 

Figure 1.16. Different removal mechanisms used by magnetic nanoparticles166. 

 

Magnetite nanoparticles remove heavy metals by both physical and chemical adsorption based 

mechanisms, while maghemite particles usually give only physical adsorption. This is demonstrated 

also by the low desorption of metals at high pH that occurs when applying magnetite. Instead, 

adsorption by γ-Fe2O3 nanoparticles does not involve chemical reaction as demonstrated by the 

unchanged crystallite structure after metal removal. Electrostatic interactions are the cause of 

pollutant removal by maghemite nanoparticles. The removal performance of magnetite and 

maghemite nanoparticles is highly pH-dependent. At pH values below the zero point of charge 

(pHzpc), also called isoelectric point (IEP), the surface of iron oxide nanoparticles is positively 

charged and therefore attracts negatively charged pollutants such as Cr (IV) and As (V)138.  
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Magnetic nanoparticles are susceptible to air oxidation and are easily aggregated in aqueous 

systems167. Thus, for the application of these nanoparticles in various potential fields the 

stabilization of the iron oxide particles by surface modification is desirable. The magnetic structure 

of the surface layer, which is usually greatly different from that in the core of the nanoparticles, can 

have a notable effect on the magnetic properties of nanoparticles168 . The control of the size and the 

polydispersity are also very important because the properties of the nanocrystals strongly depend 

upon the dimension of the nanoparticles. It is interesting to mention that only magnetite particles 

with size of less than 30 nm have a large surface area and exhibit super paramagnetic properties that 

make them prone to magnetic fields. They do not become permanently magnetized without an 

external magnetic field to support them169. These properties are highly useful in the development of 

novel separation processes170. 
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1.6. Objective of the work 

Metal-based nanoparticles are the most popular inorganic nanoparticles and represent a promising 

solution against the resistance to traditional antibiotics. Not only do they use mechanisms of action 

that are completely different from those  for traditional antibiotics, exhibiting activity against 

bacteria that have already developed resistance, but they also target multiple biomolecules 

compromising the development of resistant strains. In addition, The use of nanoparticles (NPs) for 

environmental applications is a current trend. Among various types of NPs, metallic NPs are widely 

used for environmental applications. Greener synthesis of NPs is preferred over chemical and 

physical methods as it is an eco-friendly, cost-effective, and sustainable approach. 

One of the most interesting objectives from a scientific point of view is the search for new tools, 

capable of counteracting bacterial infections, which do not involve the use of antibiotics. In fact, 

more and more often pathogenic microorganisms have recently developed a resistance against the 

antibiotic drugs currently available on the market. According to a recent study commissioned by the 

British government, it is estimated that in 2050, antibiotic resistance will be responsible for over 10 

million deaths a year, becoming the first cause of death to the world, even surpassing cancerous 

diseases. 

In this context, innovative bio and nanotechnological approaches that exploit material 

nanostructures with antimicrobial properties, such as AgNPs and TiO2NPs, to fight bacterial 

infections, bypassing the increasingly widespread problem of antibiotic resistance have been 

studied and developed.. The use of AgNPs, and TiO2NPs with a high surface/volume ratio, greatly 

increases the already known bactericidal action of these NPs. Therefore such systems of Nano-sized 

metal/metal oxide-based represent a remarkable tool potential in the treatment of bacterial 

infections, such as those caused by Staphylococcus aureus and two Methicillin-Resistant S. aureus 

(MRSA) in patients with skin ulcers. 

To further increase the efficacy and stability of these nanoparticles such as antimicrobial tools it is 

cost-effective to take advantage of the Drug Delivery Systems (DDS) capable of trap these 

bioactive substances, deliver them to the target site, and release them in a manner controlled over 

time. Hydrogels are promising biomaterials as delivery systems controlled: they consist of a three-

dimensional lattice swollen with water in which it is possible trap bioactive substances, such as 

silver and titania nanoparticles. The composites developed consist of hydrogels based on short 

polypeptide chains (Fmoc-Phe3) containing silver or titania or magnetic nanoparticles. The 

tripeptide Fmoc-Phe3, which constitutes the fibers of the three-dimensional network, was obtained 

for the biosynthetic route by means of a catalyzed, aqueous-phase reverse hydrolysis reaction by the 
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enzyme lipase from Pseudomonas fluorescents. The yield of this enzymatic reaction was already 

evaluated by HPLC in our group .  

For the in situ synthesis of silver nanoparticles, we added silver salts to the hydrogelators and after 

hydrogel formation, exposure of the composite to the sunlight resulted in silver nanoparticles, 

which were observable by color changing. In another step, we introduced honey, which contains 

reducing polysaccharides, which accelerates the NPs reduction, and increases the yield while 

exposing it to the sunlight. It was investigated that honey also has a positive effect on the tensile 

strength and swelling ability of the composite. We also investigated the reduction ability of glucose 

as a green reducing agent and compared the stability and antibacterial activity of the glucose-

reduced composites with NaBH4 as a traditional and chemical reducing agent.  

Regarding the TiO2NPs, they were bought commercially and added to the hydrogelators. We 

investigated the photo-antibacterial activity of these NPs against a laboratory Staphylococcus 

aureus strain and two Methicillin-Resistant S. aureus (MRSA) clinical isolates. We used two 

concentrations of titania to investigate the effect of concentration on swelling ability and 

mechanical stability. In addition, ultra sound waves also introduced to see its effect on the 

mentioned parameters of the hydrogel and the degree of dispersity of NPs inside of the hydrogels. 

Moreover we investigated the use of  γ-Fe2O3 as magnetic nanoparticles (MNPs) encapsulated with 

peptide hydrogels for the removal of heavy metal ions such as Cr3+, Co2+, and Ni2+  and some dyes 

like methyl orange (MO), methylene blue (MB) and rhodamine 6G (Rh6G) from water. In fact, 

heavy metals can easily bind to proteins, nucleic acids, and small metabolites in living organisms 

resulting in an alteration or loss of biological function and/or perturbation of the metal control site 

in the organism. Certain heavy metals in water are extremely toxic and non-biodegradable. Once 

they enter the food chain, they have the ability to accumulate at low concentrations in living 

organisms, with the potential to cause adverse effects such as damage to the nervous system, kidney 

failure, and cancer.   

Co-precipitation method was used for the preparation of γ-Fe2O3-polyacrylic acid nanoparticles (γ-

Fe2O3NPs-PAA)  in collaboration with Prof. Frattodi’s research group at the Department of 

Chemistry of Sapienza University. The already synthesized magnetite NPs in different 

concentrations were added to the hydrogelators to investigate their ability to entrap heavy metal 

ions (Cr3+, Co2+, and Ni2+) from water in the presence and absence of external magnetic field.  
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2. Results 

2.1. Preparation of the hydrogel composites containing AgNPs with antibacterial properties 

On the basis of protocols optimized in previous works171,172, we focused on developing a one-pot 

synthesis that could simultaneously allow the lipase-triggered formation of the 

FmocPhe3 hydrogelator as well as the light-assisted reduction of Ag+ ions into AgNPs. We were 

able to observe successful hydrogel formation after incubation at 30 °C for about 30 min. For the 

formation of AgNPs that are accompanied by a change in color of the hydrogel containing them, 

light exposure was necessary (Figure S1 and S2 in Appendix A). In this step, the synthesis of 

peptide-based hydrogel composites containing photo-generated silver nanoparticles (AgNPs) was 

obtained in the presence and absence of honey(Commercially prepared Miele Millefiori) as a 

coating agent for Ag NPs and tensile strength enhancer for the hydrogel (Figure 2.1).  

 

Figure 2.1. Illustration of in situ synthesis of AgNPs within peptide hydrogels using sunlight. 

 

To investigate the effect of honey on composites, two different sets of experiments were performed, 

in the presence and absence of honey. To this aim, UV-Vis spectroscopy was used to study the 

plasmon band of in situ prepared AgNPs at different sunlight exposure times, with or without 

honey. As can be seen in Figure 2.2a, the light-assisted reduction of Ag+ ions inside the hydrogel 

results in a broad plasmon band centered around 475 nm, indicating the presence of large and 

heterogeneous particles, ascribable to the absence of any stabilizer in the reaction medium. On the 

other side, the second experiment, carried out in the presence of honey, exhibits a significant  blue 

shift with respect to the first experiment (Figure 2.2b). This indicates the strong size quenching 

effect of honey for the AgNPs/hgel system. For both results, spectra reveal that the intensity of the 

absorption peaks increases with the exposure time. More importantly, Figure 2.2b demonstrates 

that the rate of AgNPs formation is increased by the presence of honey probably due to the presence 

of mild reducing agents in honey such as reducing sugars173. 
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Figure 2.2. UV-Vis spectra of (a) AgNPs/hgel; (b) AgNPs/hgel-honey prepared at different irradiation times under 

sunlight exposure. 

 

The formation of AgNPs in the presence of sunlight might be due to the fact that the aromatic 

residues of the peptide may allow radical generation, since they absorb UV light at 257 nm, which 

is similar to the wavelength of irradiation light. This hints at the fact that UV irradiation of the 

peptide may generate radicals that are necessary for Ag+ reduction174. Moreover, after 

approximately 90 min, the intensity reaches a plateau, suggesting that NPs formation has 

completed.  

In order to quantify the reduction of Ag+ ions and Ag0 formation, we analyzed samples with  

ICP-OES technique. Theoretically, there would be 20.00 ppm of Ag0 inside the sample solutions if 

the sunlight required by our protocol could successfully reduce the entire amount of Ag+ precursors 

used in the synthesis. However, the results of ICP-OES showed the presence of only 5.9 ± 0.1 ppm 

of silver inside the diluted solutions. Since the unreacted silver ions had been filtered out of the 

suspensions before the measurements, we calculated the reaction yield for the formation of AgNPs, 

by dividing the theoretical value to the obtained value from ICP-OES measurements, which was 

29.5%. This suggests that the use of honey does not have any significant effect on NPs yield (data 

not shown). 

Moreover we approached dynamic light scattering measurements to measure the size and degree of 

poly-dispersion of AgNPs produced with and without the honey. Figrue 2.3a shows the size 

distribution of the AgNPs/hgel system, supporting the presence of two populations in this 

experiment with an average diameter of 66 ± 25 and 122 ± 48 nm for AgNPs in these conditions. 

This is consistent with the UV-Vis spectra obtained, which showed a broad plasmon band 

supporting the observed poly-dispersity (see previous section, Figure 2.2). However, in the 

presence of honey (Figure 2.3b), the particles dimensions are more homogeneous compared to the 

first system, and only one population is observed in these conditions, with a mean particle size of 

Wavelength (nm) 
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164 ± 63 nm and a PDI of 0.3 demonstrating monodispersed AgNPs, confirming the stabilizing 

effect of honey on the size of AgNPs, which is consistent with the UV-Vis data. 

 
Figure 2.3: Hydrodynamic diameter distributions of (a) AgNPs/hgel; (b) AgNPs/hgel-honey measured by DLS. 

 

The morphology of the hgel, AgNPs/hgel and AgNPs/hgel-honey was investigated by SEM 

technique. Figure 2.4A shows the three-dimensional fibrillar network of the hgel. The length of the 

fibrils constituting the network is several micrometers and their width is 100–150 nm. On the other 

hand, SEM micrographs reported in Figure 2.4B,C show the AgNPs/hgel and AgNPs/hgel-honey 

samples. The presence of AgNPs covered by fibers is evident, suggesting the incorporation of 

AgNPs within the hydrogel fibrillar network in both samples. Regarding the SEM images obtained 

for AgNPs in the absence and presence of honey (Figure 2.4B–D respectively), greater aggregation 

is shown when the synthesis is carried out without honey. It can be deduced that honey itself would 

increase the degree of stabilization and particle size reduction of AgNPs. 

 

Figure 2.4. FESEM images of (A): hgel; (B): AgNPs/hgel; (C,D): AgNPs/hgel-honey. 
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To further investigate the nature of Ag species within the hydrogel, XPS analyses were conducted 

on the pristine hydrogel (hgel) (control experiment, not shown) and on the AgNPs/hgel sample 

obtained from photochemical reduction of AgNO3, with the spectra of the latter shown in Figure 

2.5. In spectrum (a) of Figure 2.5, the C 1s photoionization region is reported, which shows three 

main contributions attributed to the more representative chemically in equivalent C atoms in the 

Fmoc-(L-Phe)3 backbone: (i) aromatic and aliphatic C atoms at 284.8 eV (red curve); (ii) C atoms 

at 286.5 eV, presumably associated to the -NH-C(H)-C(O)-NH- fragment; (iii) amidic C in the -

C(O)-NH- fragment at 288.2 eV, with small contributions from -C(O)O- (carboxylate) and -NH-

C(O)O- (carbamate) fragments175. The N 1s spectrum (Figure 2.5b) shows a single contribution at 

399.9 eV, perfectly compatible with an amidic N atom176, while possible residuals of NO3
- can be 

excluded. The presence of Na was also detected (Figure 2.5c), yet the Na 1s electrons displayed a 

binding energy of 1077 eV, higher than that usually detected in sodium salts (~1072 eV)186. This 

shift may stem from possible aggregates of NaCl resulting from the NaOH/HCl treatment during 

preparation, which induce a partial electrostatic charging under the X-ray beam. The presence of 

AgNPs was ascertained by recording the photoelectron spectrum in the region of Ag 3d (Figure 

2.5d). In this case, a spin-orbit split doublet appears (ΔEso = 6.0 eV) with components in the area 

ratio 6:4, as expected for j″ = 5/2 and j′ = 3/2 total angular momentum values. According to peak-

fitting results, two chemical components contribute to this signal, a predominant one at 367.5 eV 

and another at 368.1 eV (j″ = 5/2 components). These features can be assigned to Ag(I) (dark cyan 

curve in Figure 2.5d) and Ag(0) (magenta curve in Figure 2.5d), respectively, in accordance with 

the literature187. The presence of a majority Ag(I) component calls for the formation of a shell of 

oxidized silver around the metal core of the NPs. The low intensity of Ag metal signal is probably 

due to the attenuation of electrons from the inner core of the NP, while the outer shell signal is 

enhanced. 
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Figure 2.5. XPS spectra of Fmoc-(L-Phe)3 hydrogel + Ag+ in the regions of (a) C 1s, (b) N 1s, (c) Na 1s, (d) Ag 3d. 

 

To study the structural features of hgel, AgNPs/hgel, and AgNPs/hgel-honey, the SAXS profiles for 

these three samples were collected. For the AgNPs/hgel system, two replicates were analyzed, and 

one sample was prepared two weeks before the analysis. As can be seen in Figure 2.6, the data of 

the AgNPs/hgel (1) (red) and the AgNPs/hgel (2 w) (purple) show overall the same profile 

indicating a good stability over time and reproducibility of the process of sample preparation, 

leading to the same structure at the investigated length-scales (1–100 nm). 

We can mention that the visual appearance of the samples results slightly inhomogeneous at a 

macroscopic scale, showing regions with a more intense red color probably related to a higher local 

concentration of AgNPs; therefore, for SAXS data collection we tried to sample the regions of 

capillaries with an intense color. All samples show isotropic scattering patterns even if the pre-

formed gels were injected into borosilicate capillaries with a long needle syringe and then shaken to 

fill the bottom. The data of the pristine hydrogel (hgel, black dots) show the profile of fibrillar 

structures177, having a cross-section with a radius of gyration of approximately 3 nm and an overall 

maximum diameter of around 8–10 nm as also deduced by the pair distance distribution function 

(Figure 2.6b). For q < 0.2 nm−1 the slope deviates from the q−1 predicted for rod-like objects 

towards more negative values (towards −2) and this could be interpreted as due to the branched 

fibrillar network (the fibrils cannot be seen as individual rods anymore at larger length scales 

compared to their cross-sections). The SAXS profile obtained for the AgNPs/hgel is in the q-range 

> 0.4 nm−1 almost superimposable to that of the hydrogel sample, suggesting that the fibrillar cross 

section is not perturbed. However, additional scattering signal and oscillations can be seen in the 

lower q. We could attribute these to the Ag nanoprecipitated structures within the hydrogel and 
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considering the impossibility of seeing a Guinier region for these inhomogeneities we could 

estimate that their size is above 100 nm. 

 

Figure 2.6. (a) SAXS profiles of honey, hgel, AgNPs/hgel, and AgNPs/hgel-honey. Characteristic power laws are 

reported for reference; (b) pair distance distribution function of the cross section PCS(r) obtained for the hgel sample (fit 

in the inset). (c) Pair distance distribution functions P(r) obtained for the Ag/hgel and Ag/hgel-honey samples (fits in 

the inset). (d) P(r) obtained for the honey and Ag/hgel-honey samples considering the high q portion of the data (q > 1 

nm−1) (fits in the inset). 

 

For the AgNPs/hgel obtained in the presence of honey, the SAXS curve shows marked differences 

from the AgNPs/hgel sample both in the low q (<0.4 nm−1) and the higher q (>1 nm−1); in the latter 

region a signal related to some inhomogeneities with a radius of gyration smaller than 0.2 nm is 

detected. We hypothesize this high q scattering signal comes from honey molecular components 

like small oligosaccharides, since a sample of diluted honey at the same concentration used for the 

AgNPs/hgel synthesis also shows a similar contribution, corresponding to even smaller sizes 

(overall < 0.4 nm, Figure 2.6d). Regarding the shape of the SAXS profile in the low q, we can 

comment that for the AgNPs/hgel-honey sample it shows a lower slope and much lower intensity 

than the AgNPs/hgel sample, suggesting smaller structures (diameters of approximately 30 nm) are 

formed by the Ag nanoprecipitation in the presence of honey (Figure 2.6c). We could relate this 

observed difference to the difference in visual appearance between the Ag-gels obtained without 

and with honey (opaque with larger precipitates vs. transparent with smaller precipitates), which are 

related to light scattering phenomena, the UV-Vis absorption data, and the SEM micrographs. 

The rheological properties of hydrogel materials play a pivotal role in defining their application 

potential, so their evaluation is of crucial importance. The goal of this analysis is to understand how 

the presence of AgNPs synthesized in situ affects the viscoelastic behavior of the hydrogels, by 
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measuring G’ (elastic modulus) and G” (viscous modulus). As shown in Figure 2.7, the AgNP/hgel 

had the lowest storage modulus. These results suggested that incorporating AgNPs inside the matrix 

decreased mechanical strength, due to providing porousity inside of the hydrogelsRegarding the 

AgNPs/hgel-honey composite, there is a significant increase in both G’ and G” moduli and 

therefore a marked improvement in mechanical properties can be seen. The complex biological 

matrix of honey, which acts as a stabilizer for AgNPs, may itself interact with the peptide 

components in the hydrogel, forming further crosslinks and consequently making the gel stronger. 

 

Figure 2.7. Frequency sweep of hgel, AgNPs/hgel and AgNPs/hgel-honey samples. 

 

The swelling ability of AgNPs/hgel and AgNPs/hgel-honey samples was measured and compared 

with that of the hgel (Table 2.1). The results reveal that AgNPs/hgel showed higher swelling 

behavior in comparison to the hgel. The enhancement in swelling behavior of AgNPs/hgel might be 

related to the presence of AgNPs in different sizes and surface charges, that resulted in the 

penetration of a higher amount of water molecules in order to counterbalance the built up osmotic 

pressure178. However, this swelling enhancement also might be related to the formation of AgNPs 

inside of the hgel matrix that expands the hydrogel network and consequently more water 

absorption189. Regarding the AgNPs/hgel-honey, it increased the swelling behavior the most which 

is related to its hygroscopic features179. 

 

Table 2.1. Swelling abilities of the hydrogel systems. 

samples Swelling degree (q) 

hgel 62.1 ± 0.3 

AgNPs/hgel 75.9 ± 0.6 

AgNPs/hgel-honey  79.1 ± 0.2 

 

G' (Pa) 
 
G'' (Pa) 
 
 
 

12000 
 
 
 
 
 

10000 
 
 
 
 
 

8000 
 
 
 
 
 

6000 
 
 
 
 
 

4000 
 
 
 
 
 

2000 
 
 
 
 
 

0 
 
 
 
 
 

0              10             20             30             40             50             60             70             80             90             100 
 
 
 

Frequency  (Hz) 
 
 
 
 
 



 

38 

 

The antimicrobial susceptibility profiles of the laboratory strain S. aureus ATCC 25923 and MRSA 

clinical isolate for the tested compounds are summarized in Figure 2.8. In particular, the hydrogel 

alone showed a reduced toxicity compared to AgNPs and AgNPs-honey, with a minimum 

inhibitory concentration (MIC) of 12.5 mg/L for both S. aureus ATCC 25923 and the MRSA 

isolate. Conversely, the AgNPs/hgel and AgNPs/hgel-honey showed an enhanced antibacterial 

activity (3.12 mg/L) compared to the free form of AgNPs, alone or in combination with honey (6.25 

mg/L) for both S. aureus ATCC 25923 and the MRSA isolate. 

 

Figure 2.8. Antimicrobial susceptibility testing (AST) of AgNPs in the hydrogel composite. 

 

compared to the free form of AgNPs against Staphylococcus aureus ATCC 25923 and the 

methicillin-resistant Staphylococcus aureus (MRSA) clinical isolate. (a) Representative pictures for 

the plate inhibition zone test performed for different AgNPs formulations against ATCC 25923 and 

MRSA. Chocolate agar plates contained 20 µL of 3.12 mg/L solution of each compound tested. (b) 

Minimum inhibitory concentration (MIC) for hgel, AgNPs/hgel (Ag/hgel), AgNPs/hgel-honey 

(Ag/hgel-honey), AgNPs alone (Ag), and AgNPs + honey (Ag/honey). (c) Determination of MIC 

by resazurin microtiter assay method for the Staphylococcus aureus ATCC 25923 strain. Bacterial 

cells, incubated in cation-adjusted Mueller-Hinton broth (MHB) in the presence of resazurin (blue), 

were exposed to different compounds for 24 h. A change from blue to pink is indicative of the 

reduction of resazurin and, consequently, bacterial growth. The MIC was defined as the lowest drug 

concentration that prevented this color change. Experiments were performed in triplicate and 

repeated three times. 

In another study, AgNPs/hgel composites were synthesized in another way using two different 

reducing agents. The novelty of this step lies in the development of different synthetic 

methodologies for one-pot preparation of AgNPs/hgel, where AgNP formation occurs in situ and 
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simultaneously with the sol–gel transition. The first synthesis involved the use of sodium 3-

mercapto-1-propanesulfonate (3MPS) as a stabilizing agent and NaBH4 as a reducing agent. Then, 

we moved on to a green approach, exploiting the reducing properties of monosaccharides such as 

glucose. We compared the effect of the preparation technique of composite hydrogels on the size, 

monodispersity, and stability of in situ synthesized AgNPs (Figures 2.9, S3 and S4).  

 

Figure 2.9. Scheme of the preparation of hgel/AgNPs composites with conventional and green methods. 

 

Aiming to characterize in situ formed AgNPs, their optical features such as the presence of SPR 

(surface plasmon resonance) band as a function of time were studied. Different experiments were 

performed to investigate the influence of storage temperature and duration on AgNP surface 

plasmon resonance values. Firstly, the evolution of AgNPs absorbance in the presence of NaBH4 as 

a function of reaction time was investigated. Samples stored at room temperature (RT) and 4 °C 

were examined. Figure 2.10A,B show the time evolution of the adsorption spectra of AgNPs 

synthesized in the hydrogel with NaBH4 and 3MPS at different temperatures. For both 

temperatures, the SPR band of AgNPs, centered at 475 nm, tends to decrease, and the plasmonic 

peak tends to widen over time. This is most likely due to the poor stability of AgNPs, which tend to 

aggregate. The reported data show that sample storage at 4 °C partially prevents aggregation, 

probably due to a reduction in diffusion phenomena within the hydrogel matrix. 

As can be seen from the spectra (Figure 2.10C), the SPR band of AgNPs-SDS synthesized with β-

D-glucose at RT increases over time, while in the case of NaBH4-mediated AgNPs synthesis, the 

SPR band decreases with time. In addition, for AgNPs synthesized with glucose, the SPR band is 

present at a smaller wavelength (425 nm), and it is narrower than the SPR peak of AgNPs 

synthesized with NaBH4. These experimental observations could be due to the different AgNP 

formation kinetics obtained with the two different reducing agents. NaBH4 is a strong reducing 

agent, used in combination with 3MPS thiol. AgNPs could be subjected to an oxidation process 

with the formation of an Ag2O shell180. As a result, aggregation equilibria occur, and the band 

gradually widens and decreases over time. 
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Figure 2.10. UV-Vis analysis in water. (A,B) The absorbance of hgel/AgNPs-3MPS at RT and 4 °C, respectively. (C) 

The absorbance of hgel/AgNPs-SDS at RT. 

 

However, the use of a milder reducing agent such as β-D-glucose may account for a slower AgNP 

formation that increases with time. In addition, the presence of SDS as the capping agent seems to 

prevent AgNPs aggregation, resulting in a smaller and narrower SPR band. 

The yield of AgNPs formed from Ag+ ions, using both β-D-glucose and NaBH4 as reducing agents, 

was calculated on the basis of ICP-AES experiments. According to ICP data, the amount of formed 

AgNPs in the presence of β-D-glucose and NaBH4 is equal to 1.2 ± 0.14 and 4.2 ± 0.11 ppm, 

respectively. Dividing these amounts by the theoretical value indicates that the reaction yields are 

23.5% and 82.3% for AgNPs formed using β-D-glucose and NaBH4, respectively. As expected, in 

the optimized reaction conditions, the use of NaBH4 leads to higher yields of formed AgNPs, given 

that this compound is a strong reducing agent. 

DLS measurements were performed to estimate AgNP size and polydispersion degree. The size of 

the AgNPs is a fundamental parameter to be considered in the realization of antimicrobial 

nanosystems. In fact, many of their chemical and physical properties, such as stability, reactivity 

(proportional to their surface/volume ratio), and release kinetics of Ag+ ions could be affected by 

size. The interaction processes of AgNPs with biological systems are also size dependent. Figure 

2.11A,B shows the distributions of the hydrodynamic diameters of AgNPs synthesized using 

NaBH4 and β-D-glucose as reducing agents. 
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Figure 2.11. Hydrodynamic distribution of (A) hgel/AgNPs-3MPS and (B) hgel/AgNPs-SDS. 

 

As can be seen, AgNPs synthesized using NaBH4 as a reducing agent have larger dimensions and 

polydispersion (~360 nm, PDI: 0.475), compared to those obtained using β-D-glucose (~60 nm, 

PDI: 0.233). Certainly, different factors may be responsible for such differences in AgNP 

dimensions and polydispersion. Higher AgNP concentrations may enhance particle aggregation 

within the hydrogel structure (as when using NaBH4). In addition, the structure of the capping agent 

could affect the final dimensions and/or particle aggregation. 

The morphological features of the native hydrogel and hgel/AgNPs were investigated using SEM. 

Figure 2.12A shows a micrograph of the native hydrogel in which the fibrous nature of the highly 

reticulated three-dimensional network can be seen. Figure 2.12B–E is related to hgel/AgNPs-SDS 

and hgel/AgNPs-3MPS, respectively, and their high-resolution images. It can be seen that the 

presence of AgNPs does not affect the ability of the Fmoc-Phe3 tripeptide to self-assemble into 

supramolecular structures giving rise to composite gels with a highly cross-linked fibrillar 

morphology. Moreover, in both composites, AgNPs appear as well dispersed inside the hydrogel 

matrix. 
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Figure 2.12. SEM images of (A) native hydrogel; (B) hgel/AgNPs-SDS; (C) hgel/AgNPs-SDS at high magnification; 

(D) hgel/AgNPs-3MPS; and (E) hgel/AgNPs-3MPS at high magnification. 

 

Studying the rheological features of hydrogels is pivotal for evaluating their application potential. 

With the aim to analyze the viscoelastic behavior of hydrogel composites, we used a dynamo-

mechanical analysis, and the measurements were conducted in an oscillatory mode, at different 

application frequencies of the stimulus under constant strain. Both hydrogel samples containing 

AgNPs, formed in situ with the two different protocols described in Appendix A 4.3 

methodologies, as well as the native control hydrogel, were analyzed. The aim of this study was to 

quantify the influence of in situ formed AgNPs on the viscoelastic behavior of the composites, and 

therefore how the elastic and viscous moduli of the hydrogels changed. The results for all samples 

are reported in Figure 2.13. 

 
Figure 2.13. Frequency sweep of the hydrogel; hgel/AgNPs-3MPS; and hgel/AgNPs-SDS. 

 

Regarding all types of hydrogels, the elastic modulus G′ and the viscous one G” do not vary 

according to the oscillation frequency but remain almost constant for the entire frequency range 
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analyzed. On this basis, a solid-like behavior is found (G′ > G″), whatever the frequency of the 

stimulus to which the sample is subjected. This indicates that there is a gel or a three-dimensional 

network in which chains, in this case, peptides, are held together thanks to physical and chemical 

crosslinks that prevent their sliding (typical of a liquid system) even at low frequencies. In fact, in 

the gel, there are only conformational variations in the peptide chains and translational motions of 

these chains are absent. Furthermore, from the frequency sweep experiments conducted, it is 

possible to obtain information also regarding the strength of the gel. Since the elastic modulus G′ is 

much higher than the viscous one G″ for all samples, it is possible to state that they are in the 

presence of strong and stable hydrogels. 

In particular, with hgel/AgNPs-3MPS, we can observe a reduction in the mechanical properties 

compared to the hydrogel alone. In this case, the 3MPS stabilizer and NaBH4 reducing agent could 

negatively influence the hydrogel gelling ability. In fact, physical crosslinks are present in the 

peptide hydrogel, such as hydrophobic interactions and aromatic π–π stacking (due to the presence 

of benzyl groups in the side chain of the amino acid phenylalanine), which can be reduced in the 

presence of polar compounds such as 3MPS and NaBH4. As far as the hgel/AgNPs-SDS samples 

are concerned, we obtained a significant reduction in the viscous modulus G″ and, in particular, of 

the elastic one (G′). This indicates that a weaker gel is present, probably due to the presence of the 

amphiphilic surfactant SDS. In fact, the latter has a polar head that could affect the hydrophobic 

interactions that hold together the peptide lattice of the hydrogel. 

The stability of hydrogel composites in physiological conditions, being an important feature for 

biological applications, was evaluated. The obtained results are summarized in Table 2.2. 

 

Table 2.2. Percentage of weight loss (ΔW %) after 30 days of incubation in Ringer solution and daily degradation rate 

(T) of native and composite hydrogels. 

Samples ΔW % T 

Native hydrogel 9.1 ± 2.3 0.3±0.08 

hgel/AgNPs-SDS 10.8 ± 1.7 0.3±0.06 

hgel/AgNPs-3MPS 12.6 ± 2.6 0.4±0.09 

 

Overall, all samples demonstrated good stability, accounting for a weight loss of approximately 

10% after 1 month. The reported values of weight loss percentage (∆W%) and degradation rate (T) 

of the analyzed composites do not differ much from those obtained for the native hydrogel. 

Therefore, it is possible to state that the in situ synthesis of AgNPs, both through the use of NaBH4 

and glucose, does not significantly compromise the stability of the peptide hydrogel in 

physiological conditions. 
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To test the antibacterial effects of silver and the application of these nanocomposites in the 

biomedical field, it was decided to carry out in vitro inhibition tests against S. aureus, which is a 

major human pathogen and the most common Gram-positive bacteria isolated from skin ulcers191.  

The tests were carried out on the hgel/AgNPs composites made with the three different synthesis 

strategies and with a Ag concentration equal to 0.094 mg/mL. In addition, the three types of AgNPs 

in solution with [Ag] = 0.094 mg/mL and the hydrogel as it is in the absence of AgNPs were tested 

as controls. A viability test was then carried out on S. aureus in the presence of these biomaterials at 

different concentrations to determine the MIC (minimum inhibitory concentration). It was 

evidenced that the hydrogel exhibited limited antibacterial activity even in the absence of AgNPs. 

Indeed, it is known that the peptides of which it is made up have antimicrobial properties8. In 

particular, the hydrogel was effective against S. aureus at the following concentrations: Fmoc-Phe: 

0.9 mg/mL, Phe2: 0.725 mg/mL, and Fmoc-Phe3: 0.7 mg/mL. The results of the microbiological 

analyzes obtained for the AgNPs in solution and for the hgel/AgNPs composites prepared under the 

different experimental conditions are reported in Table 2.3. 

 

Table 2.3. Minimum inhibitory concentration (MIC) for S. aureus ATCC 25923 for AgNPs in solution and hgel/AgNPs 

samples. 

Sample Reducing agent MIC (mg/mL) 

AgNPs-3MPS NaBH4 0.008 

Hgel/AgNPs-3MPS NaBH4 0.006 

AgNPs-SDS β-D-glucose 0.004 

Hgel/AgNPs-SDS β-D-glucose 0.006 

 

Comparing the MIC data, it can be seen that there are no substantial differences either with the 

variation in the synthesis technique of AgNPs (using NaBH4 or β-D-glucose) or as a function of 

sample type (AgNPs colloidal suspension or hgel/AgNPs composites). In each of the analyzed 

cases, the MIC ranged between 0.004 and 0.008 mg/mL. Such values are comparable with those 

reported in the literature for similar systems. Thus, all the systems studied are promising candidates 

for treating S. aureus infections192. In particular, hgel/AgNPs samples have the advantage of being 

able to release silver ions in a controlled way over time; therefore, the bacteria, in the presence of 

these composites, will be subjected to the antimicrobial agent for a prolonged time and the duration 

of the antibacterial effect will be greater. Moreover, the green synthesis we propose, which uses 

glucose as a reducing agent, avoids the use of chemicals that could represent a biological risk. 

 

2.2. Synthesis of the hydrogels containing TiO2NPs with antibacterial properties 

Asantibacterial agents,  titania nanoparticles (TiO2NPs) are attracting growing interest due to their 

chemical stability, biocompatibility and proven antibacterial properties. Due to its effective 

antibacterial activity against both Gram-negative and Gram-positive bacteria, In this part, the 
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encapsulation of commercial TiO2NPs within self-assembling tripeptide hydrogels to form hgel-

TiO2NP composites with significant photo antibacterial properties is reported. Two different 

concentrations of TiO2NPs were used to investigate the ability of peptide hydrogels to disperse and 

stabilize them and also to investigate the effect of concentration on gel parameters such as fibrillary 

structure, rheological properties, and swelling ability (Figure 2.14). Ultrasonication was also 

applied to the samples and its effect on several physicochemical properties of the obtained 

hydrogels was investigated.  

 

 

Figure 2.14. Schematic reperesentation of preparation of peptide hydrogel composites with different concentration of 

TiO2NPs. 

 

Field emission scanning electron microscopy (FESEM) studies were conducted to investigate the 

effect of sonication on the hydrogel fibrillary structures, as well as the dispersion of different 

amounts of TiO2NPs inside the hydrogels. Figure 2.15(A–C) show the fibrillar structure of hgel-

TiO2NPs (5 mg) and hgel-TiO2NPs (10 mg) before applying sonication, respectively. As evident, 

TiO2NPs showed aggregation in both concentrations inside the gel. At the same time, after 

sonication (Figure 2.15(E,F)), they were finely dispersed without any aggregation, which reveals 

the effect of sonication on NP dispersion. It is also interesting to mention that sonication did not 

affect the fibrillar structure of hgel (Figure 2.15D) and hgel-TiO2NPs. 

 

200 nm 
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Figure 2.15. SEM images of: (A) hgel, (B) hgel-TiO2NPs(5 mg), (C) hgel-TiO2NPs(10 mg) in the absence of 

sonication and (D) hgel, (E) hgel-TiO2NPs(5 mg), (F) hgel-TiO2NPs(10 mg) with sonication. 

 

DLS measurements were performed to evaluate the size and polydispersity of TiO2NPs once they 

were inserted inside the hydrogels and evaluate if they underwent aggregation. Figure 2A,B show 

the size distribution of hgel-TiO2NP composites containing different amounts of TiO2NPs (5 mg 

and 10 mg, respectively), prepared without sonication. The average diameters measured for these 

samples were 396 ± 50 nm and 712 ± 84 nm, respectively. However, after sonication (Figure 

2.16(C,D)) the particle size decreased (255 ± 33 nm and 531 ± 45 nm, respectively), demonstrating 

the positive effect of sonication on the dispersion of particles, which is consistent with SEM data. 

 
Figure 2.16. Size distributions of (A) hgel-TiO2 (5 mg); (B) hgel-TiO2 (10 mg); (C) hgel-TiO2 (5 mg)-s; (D) hgel-TiO2 

(10 mg)-s (“s” represents sonication). 

 

SAXS profiles were collected to study the structural features within 1-100 nm scale of hgel and 

hgel-TiO2NPs, both sonicated and non-sonicated and with different concentrations of TiO2NPs. We 

can mention that the visual appearance of the samples results slightly inhomogeneous at a 

macroscopic (mm) scale, showing regions with more intense white color probably related to a 

higher local concentration of TiO2NPs; for SAXS data collection we sample 0.5 mm sized portions 

and therefore slight variations of signal can be considered due to this variability. All samples show 

isotropic scattering patterns even if the pre-formed gels were injected into borosilicate capillaries 

with a long needle syringe and then shaken to fill the bottom. The data of the pristine hydrogel 

(hgel, grey and black dots) show the profile of fibrillar structures, with characteristic cross-section 

radius of the cylinder-like fibrillar aggregates in the range of 2.5-8 nm. For q < 0.2 nm−1 the slope 
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deviates from the q−1 predicted for straight rod-like objects towards more negative values (close to –

2) since the fibrils cannot be seen as individual rods anymore at larger length scales (> 10-20 nm) 

compared to their cross-sections. This could be interpreted as due to the branched fibrillar network, 

giving rise to a fractal structure with characteristic dimension close to 2. 

As can be seen in Figure 2.17A, the SAXS profile obtained for the hgel-TiO2NPs at low 

concentration is almost superimposable to that of the hydrogel sample in the q-range > 0.3 nm−1, 

suggesting that the fibrillar cross section is not perturbed. A slightly higher scattering intensity can 

be appreciated for q < 0.3 nm−1, with initial power law q-1.77, compared to q-1.63 observed for the 

pristine hgel obtained in the same conditions. When considering the composite sample with double 

the content of TiO2 particles (hgel-TiO2NPs (10 mg)), a very intense additional scattering signal 

with initial slope oscillations (maxima at q 0.125, 0.22 and 0.3 nm-1) can be seen in the lower q. A 

comparison with the SAXS profile of the TiO2NPs commercial powder clarifies that for the high 

concentration composite most of the signal can be attributed to the inorganic particles, which have 

an intrinsically much higher scattering power compared to the peptide hgel. The relative amount of 

this contribution seems not to be linearly related to the nominal volume fraction of TiO2 added in 

the sample, since the scale factor for roughly reproducing the SAXS signal of the low concentration 

composite as a sum of the signals from hgel and TiO2 particles should be only 0.04 times that of the 

high concentration composite, despite the TiO2 amount should be only half. While at q > 0.3 nm-1 

the SAXS data of the TiO2NPs powder follows the Porod’s power law decay (q-4), indicating that 

the individual particles have a sharp interface when seen at a length-scale < 10-20 nm, the initial 

power law is close to q-2.1. This suggests that the individual TiO2 particles are clustered in mass 

fractals with fractal dimension 2.1. The pair distance distribution functions P(r) (Figure 2.17C) can 

help estimate the characteristic sizes that contribute to the SAXS profile of the TiO2NPs, even if the 

overall size of the inorganic nanoparticle clusters is beyond the largest accessible distance of the 

SAXS experiment (> π/0.04 nm-1 ≈ 80 nm), as also perceived from the SEM micrographs. The P(r) 

functions present a main maximum around 30 nm, which is coherent with the approximate radius 

expected for the nanoparticles, but also contributions of distances around 12 nm and 60 nm can be 

seen. This might be due to two additional populations of particles and to a hierarchical structuring 

of the clusters made by particles with approximate diameter 25 and 60 nm organized in a non-

compact aggregate. Diffraction peaks can also be observed in the scattering profiles of the 

composites (Figure 2.17B). While the intense peak at 17.8 nm-1 and the following one at 19.3 nm-1 

are also found in the scattering pattern of the TiO2NPs powder and are consistent with those 

expected for the anatase crystalline phase152, additional peaks are observed for q < 17.8 nm-1 in the 

composites with highest TiO2 content. These signals (peaks at q values 2.65, 3.63, 4.53, 6.21, 7.32, 
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14.64 nm-1) suggest the presence of mesoscale ordered structures (lamellar, hexagonal phases) with 

characteristic spacings of the order of 2 nm, which cannot be found in dry TiO2 powder but form in 

the composite hydrogel preparations. 

As can be seen in Figure 2.17(D,E), the data of both the pristine hydrogel and of the hgel-TiO2NPs 

in both concentrations show overall the same profile when comparing non-sonicated vs. sonicated 

samples, indicating that sonication does not have any effect on the hydrogel structure neither 

appreciable effects on the composite at low concentration of TiO2. For the high concentration hgel-

TiO2NPs, the sonicated sample shows less intense peaks in the q region 2-10 nm-1, suggesting that 

the sonication procedure might affect the amount of the ordered mesophases formed. 

 

 
Figure 2.17. SAXS profiles of A) hgel (grey dots), hgel-TiO2NPs (5 mg) (light blue dots), hgel-TiO2NPs (10 mg) (blue 

dots), and of the TiO2 powder (green dots). Characteristic power laws are reported for reference (black dashed lines), 

while the exponent observed at q < 0.3 nm-1 is reported in each case. B) Enlargement of the WAXS region of the 

scattering profile to highlight diffraction peaks for the samples hgel-TiO2NPs (10 mg) (blue), hgel-TiO2NPs(10 mg)-s 

(black), and TiO2 powder (green). C) Pair distance distribution functions obtained from the SAXS data of the samples 

hgel-TiO2NPs (10 mg), hgel-TiO2NPs (10 mg)-s, and of the TiO2 powder. Scaling factors were applied to match the 

height of the main maximum: 1.125 for hgel-TiO2NPs (10 mg)-s and 0.0044 for TiO2 powder. D-F) Comparison 

between the SAXS profiles of non-sonicated and sonicated samples. 

 

This investigation aimed to unravel the effect of TiO2NPs on the viscoelastic properties of the 

hydrogels, which are essential for their final application. As can be seen in Figures 2.18(A,B), all 

sonicated samples show higher G' (elastic modulus) and G'' (viscous modulus) values in comparison 

to their non-sonicated counterparts (the only exception is for hgel-TiO2NPs (5 mg), where G'' 
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overlaps in both sonicated and non-sonicated samples) which show the effect of sonication in 

providing homogenized matrices and fibrillar structures that may increase the tensile strength of the 

hydrogels both in the presence and absence of NPs. Regarding Figure 2.18B, increasing the 

concentration of TiO2NPs inside the hydrogel, the G' value rises, demonstrating the formation of 

further crosslinks leading to a stronger hydrogel.  

 
 

 
Figure 2.18. Frequency sweep of A) hydrogel prepared with or without sonication, B) hgel-TiO2NPs with different 

concentrations of NPs prepared with or without sonication (“s” in the insets indicates sonication). 

 

The swelling behaviors of the native hydrogel and hgel-TiO2NPs were investigated. Different 

samples were prepared, with or without sonication, to determine the effect of this treatment on the 

swelling ability of the obtained hydrogel materials. As shown in Figure 2.19, the sonicated 

hydrogel showed a higher swelling degree than its non-sonicated counterpart, while for the 

hydrogel composites non-sonicated samples had the highest swelling degree. Overall, by increasing 

the concentration of TiO2NPs, the swelling ability decreased (while the tensile strength increased in 

this condition), which may indicate that the presence of NPs provides cross-links and prevents 

water molecules from easily penetrating inside the matrix. For the case of sonicated samples, they 

showed even lower swelling degrees in comparison to non-sonicated ones. Probably, since 
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sonication leads to a higher dispersity of TiO2NPs and a more homogeneous hydrogel matrix, such 

uniform hydrogel networks show higher tensile strength  and consequently a lower swelling degree 

than non-sonicated ones. For hgel-TiO2NPs (5 mg), there was an almost 10% decrease in swelling 

ability after sonication that doubled for ion that doubled for hgel-TiO2NPs (10 mg).  

 

Figure 2.19. Swelling ratio of hgel, hgel-TiO2NPs (5 mg) and hgel-TiO2NPs (10 mg), prepared with or without 

sonication. 

 

The antibacterial activity of the prepared TiO2 based hydrogel composites was investigated. MRSA 

represents a major antibiotic-resistant pathogen involved in tissue and medical-device-related 

infections181. TiO2NPs have shown potential antimicrobial properties182, so their antibacterial effect 

was tested on MRSA clinical isolates. To initially characterize the virulence of the bacterial 

isolates, antimicrobial susceptibility testing (AST) was performed for ceftaroline (CEF), 

daptomycin (DAP), erythromycin (ERY), fusidic acid (FUS), levofloxacin (LEV), linezolid (LIN), 

oxacillin (OXA), rifampicin (RIF), teicoplanin (TEI), tetracycline (TET), tigecycline (TIG), 

trimethoprim-sulfamethoxazole (TSX), and vancomycin (VAN). Notably, MRSA2 and MRSA25 

showed resistance to 50% (6/12) and 33.3% (4/12) of the tested antibiotics, respectively. 

Conversely, the laboratory strain S. aureus 6583 (ATCC) was susceptible to all antibiotics (Figure 

2.20A). Antibiotic-resistance genes were assessed for all clinical isolates (Figure 2.20B). The 

MRSA phenotype was confirmed by the presence of the mecA genes conferring resistance to 

oxacillin or ceftaroline. Resistance to macrolides and lincosamides was associated with erm(C) or 

erm(A). In MRSA2 and MRSA25, resistance to LEV was linked to the gyrA gene. Resistance to 

TSX and fusidic acid were associated with the dfrC (MRSA2) and fusA (MRSA25) genes, 

respectively (Figure 2.20A). 
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Figure 2.20. Antimicrobial resistance genes and antimicrobial susceptibility test. A) circular heatmap of antimicrobial 

susceptibility testing (AST) for the following antibiotics: ceftaroline (CEF), daptomycin (DAP), erythromycin (ERY), 

fusidic acid (FUS), levofloxacin (LEV), linezolid (LIN), oxacillin (OXA), teicoplanin (TEI), tetracycline (TET), 

tigecycline (TIG), trimethoprim-sulfamethoxazole (TSX), and vancomycin (VAN) expressed as resistant (red – R) or 

susceptible (green – S). B) Heatmap displaying antibiotic resistance genes found in the Methicillin-Resistant S. aureus 

(MRSA) strains (MRSA2 and MRSA25) and the laboratory S. aureus strain ATCC 6538 (ATCC). 

 

A preliminary study determined the UV exposure time that wouldn't impact bacterial growth. S. 

aureus suspensions in nutrient broth were exposed to UV light at an intensity of 6.9 mW/cm2 for 

10, 5, and 3 minutes. Notably, a 10-minute exposure significantly reduced the growth of the 

MRSA25 strain (P = 0.037) compared to untreated controls. In contrast, 5 and 3-minute exposures 

did not impact S. aureus growth (Figure 2.21). Based on these results, a 5-minute UV exposure was 

selected as the optimal treatment for the photoactivation of TiO2NPs.  

 
Figure 2.21. Effect of UV light at different exposure times on the growth curve of S. aureus. The graph represents 10 

min, 5 min and 3 min UV exposure compared to unexposed cells. Each value corresponds to the mean of 3 replicates. 
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The error bars represent standard deviation. Statistical differences were determined using the Kruskal–Wallis test. *, 

P<0.05; **, P<0.01; ***, P<0.001. 

 

The inhibitory effects of different concentrations (0.05, 0.1, 0.2, 0.4, 0.8 and 1.6 mg/mL) of 

TiO2NPs and hgel-TiO2NPs on S. aureus strains are shown in Figure 2.22. Specifically, after UV 

activation, S. aureus strains exposed to TiO2NPs showed a more significant reduction in surviving 

cells than those in dark conditions across all tested concentrations (Figure 2.22A). Notably, 

bacterial cells exposed to TiO2NPs in dark conditions showed an unexpected increase in CFU/mL 

compared to the untreated control cells (Figure 2.22A). In contrast, S. aureus bacterial cultures 

exhibited a marked concentration-dependent survival decrease in both photoactivated and non-

photoactivated hgel-TiO2NPs (Figure 2.22B). It is worth noting that at the lower tested 

concentration (0.05 mg/mL), photoactivated hgel-TiO2NPs resulted in a significant (P = 0.026) 

reduction in CFU/mL compared to dark conditions. Comparative analysis revealed that hgel-

TiO2NPs significantly reduced S. aureus survival compared to TiO2NPs, both in the dark (Figure 

2.22C) and photoactivated (Figure 2.22D) conditions, across all tested concentrations. 

 
Figure 2.22. Antibacterial activity of photoactivated (UV light) and non-photoactivated (Dark) A) TiO2NPs and B) 

hgel-TiO2NPs at different concentrations of TiO2 (0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 mg/mL). Comparative analysis of 

antibacterial activity for TiO2NPs and hgel-TiO2NPs in the dark C) or in the presence of UV D). Values are expressed 

as a percentage of survival of treated cells compared to the untreated controls. Data points and the corresponding 

shaded areas represent the mean ± standard deviation from three independent experiments, each analyzed in triplicate. 

Statistical differences were determined using the Mann-Whitney test. *, P<0.05; **, P<0.01; ***, P<0.001. 
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The impact of non-photoactivated TiO2NPs and hgel-TiO2NPs on the metabolic activity of S. 

aureus was evaluated at different TiO2NPs concentrations (0.05, 0.1, 0.2, 0.4, 0.8 and 1.6 mg/mL). 

This was determined by monitoring the production of fluorescent resorufin (7-hydroxy-3H-

phenoxazin-3-one) over a 1200 min period, as depicted in Figure 2.23. When exposed to 

nonphotoactivated TiO2NPs, S. aureus isolates exhibited a concentration-dependent increase in their 

metabolic activity (Figure 2.23A). This result supports the previous observations of increased 

bacterial growth in the presence of non-photoactivated TiO2NPs. Conversely, the response to non-

photoactivated hgel-TiO2NPs remained consistently low across most concentrations, except for 0.05 

mg/mL (Figure 2.23B). This finding aligns with a plate count assay that indicated partial bacterial 

growth at the hgel-TiO2NP concentration of 0.05 mg/mL. 

 
Figure 2.23. Metabolic activity of S. aureus strains in response to varying concentrations of TiO2NPs (0.05, 0.1, 0.2, 

0.4, 0.8, and 1.6 mg/mL) using both non-photoactivated A) TiO2NPs and B) hgel-TiO2NPs, assessed by resazurin-to-

resorufin conversion after 1,200 minutes of incubation. Data points and the corresponding shaded areas represent the 

mean ± standard deviation Data represent the means ± standard errors from two independent experiments, each 

analyzed in duplicate. 

 

The obtained results underpin the importance of understanding environmental influences when 

considering therapeutic NPs deployment. The observed influence of TiO2NPs on S. aureus growth, 

specifically the unexpected rise in bacterial growth in non-photoactivated TiO2NPs conditions, 

resonate with findings from a previous study where HeLa cells exposed to low concentrations of 

TiO2NPs exhibited heightened sensitivity to S. aureus infections183. This alignment with previous 

studies underscores a potentially complex interplay between TiO2NPs and bacterial growth 

dynamics, dependent on the specific conditions and cellular context. Adding to this concern is the 

widespread use of TiO2NPs in cosmetics, that has raised safety concerns184.  

The efficacy of hgel-TiO2NPs in diminishing S. aureus populations, regardless of photoactivation, 

is another crucial observation. This concentration-driven effect demonstrates that hgel-TiO2NPs 

have intrinsic anti-staphylococcal properties that can act independently of light exposure, a finding 

min 
 
 
 
 
 

min 
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consistent with the broader understanding of NPs interactions with bacteria194,185. Furthermore, 

when combined with photoactivation, hgel-TiO2NPs displayed augmented antibacterial activity, 

even at suboptimal concentrations like 0.05 mg/mL. This interplay between NPs concentration and 

UV light exposure has been explored previously, reinforcing the role of UV light in enhancing NP-

based antimicrobial strategies186. The present study also offers insightful revelations into how non-

photoactivated TiO2NPs and hgel-TiO2NPs distinctly influence the metabolic activity of S. aureus. 

The concentration-dependent growth associated with TiO2NPs suggests that non-photoactivated 

TiO2NPs might enhance bacterial metabolic activity. While supported by the data, this assertion 

necessitates further investigations to ascertain the underlying mechanisms.  

 

2.3. Preparation of the hydrogel composites for water remediation 

Co-precipitation is known as a simple and cheap method to synthesize magnetic iron oxide NPs (γ-

Fe2O3NPs) from aqueous solutions of Fe(II) and Fe(III) by the addition of a base as a precipitating 

agent at mild temperature, and a large amount of NPs can be prepared by this method. The co-

precipitation process, schematized in Figure 2.24a, does not require organic solvents or toxic 

precursor iron complexes and proceeds at temperatures below 100°C. More importantly, it can be 

developed and scaled up from lab to industry due to its simplicity, reproducibility, and eco-friendly 

reaction conditions. However, this method sometimes suffers from a lack of control over particle 

size distribution, probably because of the complicated set of pathways that lead to the formation of 

NPs.187 The general mechanism for the formation of MNPs first involves hydroxylation of the 

ferrous and ferric ions to form Fe(OH)2 and Fe(OH)3, respectively. These two low-soluble 

hydroxides (Ksp (25 °C) = 7.9 × 10−15 and 6.3 × 10−38, for ferrous and ferric hydroxide, 

respectively)188 can be obtained at alkaline pHs (pH > 8), and when NaOH is used as the 

precipitating agent, a black colloidal solution of iron containing NPs is formed instantaneously. By 

applying a 2:1 molar ratio of Fe(III):Fe(II) and an oxygen-free environment, magnetite NPs 

(Fe3O4NPs) are the main product of this reaction through the following possible reactions 

(equations 1-4):  

Fe(III) + 3OH– → Fe(OH)3                                       (1)  

Fe(OH)3 → FeOOH + H2O                                      (2) 

Fe(II) + 2OH– → Fe(OH)2                           (3)   

2FeOOH + Fe(OH)2 → Fe3O4NPs↓+ 2H2                           (4) 

Magnetite shows an inverse (or normal) spinel crystal structure, and its unit cell contains 32 O2− 

anions, 8 Fe(II), and 16 Fe(III) cations. Due to the presence of reduced iron (Fe(II)) in this crystal 



 

55 

 

structure, Fe3O4NPs are easily subject to oxidation and are transformed to a more stable maghemite 

phase (γ-Fe2O3NPs) by the following equation (Equation 5)189: 

3Fe3O4NPs + 0.5O2 + 2H+
 → 4γ-FeIII

2O3NPs + Fe(II) + H2O                      (5) 

Another important aspect of iron-based NPs is their colloidal stability after the synthesis. Due to 

their magnetic properties, iron-based NPs are more vulnerable to agglomeration because of the 

magnetic attraction among particles. In general, colloidal stability is the result of a balance between 

repulsive interactions (steric and electrostatic) and attractive forces (Van der Waals, dipolar, and 

magnetic), which can be influenced by the medium parameters, including composition, pH, and 

ionic strength.190 To enhance their colloidal stability, MNPs should be stabilized by steric, 

electrostatic, or a combination of these repulsive forces. In the electrostatic stabilization, the 

repulsive forces between the NPs originate from likewise charges,191 and for the steric stabilization, 

the presence of large molecules provides a repulsive hindrance for the surface of NPs. Steric 

stabilization is usually favored because it is less sensitive to medium parameters and therefore more 

suitable when MNPs are in contact with complex media.192,193,194 To this aim, several small and 

large stabilizing agents have been applied for the surface functionalization of MNPs, such as 

polymers (polytrolox ester, PAA, and polyacrylic-co-maleic acid), natural antioxidants (green tea 

polyphenols, curcumin, quercetin, and anthocyanins) and organic or inorganic acids (gallic, 

ascorbic, citric, and humic acid).195 Among these stabilizers, the functionalization of magnetic NPs 

with PAA provides both steric and electrostatic effects on the NPs’ surface.196 The electrostatic 

effect of PAA originates from its carboxylate groups, and the steric effect from its polymeric nature. 

For water purification applications, PAA is known for its ability to absorb a large amount of water 

and is used as a superabsorbent. Another advantage of PAA is its biocompatibility which is highly 

desirable. For the PAA functionalization of NPs, two methods are generally used: in situ and post 

(ex situ) surface coating. For in situ functionalization, PAA is used simultaneously with the iron 

precursors during the synthesis of magnetic NPs, and both synthesis and functionalization occur 

simultaneously in one step. For the post (ex situ) method, PAA is added to pre-synthesized NPs in a 

separate step (next step) from the synthesis. Generally, the in situ method is more preferable due to 

the inhibition of particle growth in a high concentration of PAA. Also, the high hydrophilicity and 

colloidal stability induced by PAA stabilization of magnetic NPs can decrease the long gelation 

time of supramolecular magnetogels. For instance, it was reported that the stabilization of iron 

oxide NPs with polyacrylic acid allowed homogeneous encapsulation of NPs up to 30 m/m% in 

both Npx-L-Asp-Z-ΔPhe-OH and Npx-L-Tyr-Z-ΔPhe-OH hydrogels containing non-canonical 

amino acids. These are some important benefits of PAA for its applications as composite 

adsorbents. For instance, PAA-functionalized magnetic magnetite particles have been used as an 
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adsorbent for basic dyes.197,198 For the above reasons, we synthesized the magnetic NPs stabilized 

by PAA using the in situ strategy to obtain small and colloidally stable γ-Fe2O3NPs, followed by 

preparation of γ-Fe2O3NPs@HG magnetogel. The mximum yield% of the γ-Fe2O3NPs formation 

was found to be 55%.  

The isolation of γ-Fe2O3NPs was first confirmed by the visual magnetic behavior of the purified 

precipitates. As can be seen in Figures 2.24b and S5, the particles are strongly attracted to the 

external magnet and easily redispersed after removing the magnet. To confirm the stabilizing effect 

of PAA, uncoated magnetic NPs were also synthesized, using the same reaction conditions but 

without the presence of PAA. For the synthesis of γ-Fe2O3NPs@HG magnetogels, we have used the 

blending strategy mentioned in the introduction section as a well-known method to synthesize 

magnetogels.152 This method is based on sequential syntheses of the components, starting with the 

magnetic NPs, which are then blended with hydrogel precursors to make the resulting magnetogels. 

The formation of the hydrogel followed a well-assessed procedure, using a microbial lipase to 

catalyze the synthesis in water of self-assembling peptides generated by the peptide bond formation  

between 9-fluorenylmethoxycarbonyl-phenylalanine (Fmoc-Phe) and the dipeptide diphenylalanine 

(Phe2) (Figure 2.24c).199  

 

Figure 2.24. a) Schematic in situ synthesis and purification of PAA stabilized γ-Fe2O3NPs; b) separation of γ-Fe2O3NPs 

with an external magnetic field; c) illustration of the ex situ incorporation of γ-Fe2O3NPs into the peptide-based 

hydrogels γ-Fe2O3NPs@HG (blending method). 

 

Fourier transform-infrared (FT-IR) and Raman spectroscopies are two commonly used techniques 

to characterize iron oxide nanoparticles, as they can provide information on the oxide phase through 
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detection of phonon modes.200 The FT-IR spectra of bare and PAA-stabilized γ-Fe2O3NPs are 

presented in Figure 2.25a in the 1000–400 cm–1 region, containing information about the phase of 

both NPs. Based on literature, the magnetite phase has a sharp and symmetrical vibration at around 

571 cm−1, assigned to the Fe–O bonds present in tetrahedral and octahedral sites of the spinel 

structure. It is a general characteristic band of iron oxide NPs, and its sharpness clarifies the pure 

defect-free phase. In maghemite, this band splits into two characteristic vibrations, due to the 

creation of vacancy defects and vanishing of Fe(II) ion from the octahedral sites upon the formation 

of γ-Fe2O3, causing a decrease in Fe–O bond length, and hence, corresponding splitting of the band 

occurs.201 It should be mentioned that both phases (magnetite or maghemite) show a weak band in 

the 440–460 cm−1 region. Regarding the crystal structure, also group theory theoretically predicts 

that if the γ-Fe2O3NPs have a spinel crystal, then there are four T1 modes expected at 212, 362, 440, 

and 553 cm−1,202 of which we were able to only detect the highest two frequencies with our 

experimental setup. Both spectra of γ-Fe2O3NPs clearly show the two T1 modes around 460 and 570 

cm−1 for uncoated γ-Fe2O3NPs, and 462 and 565 cm−1 for the PAA stabilized γ-Fe2O3NPs, 

confirming a spinel crystal structure for both NPs of our experiment. Hence, in both spectra, the 

formation of  γ-Fe2O3NPs was confirmed from the broadening and splitting of the band into 628 

and 570 cm−1 for uncoated γ-Fe2O3NPs, and 626 and 565 cm−1 for PAA-stabilized γ-Fe2O3NPs. 

Regarding the PAA coating and its interaction with the surface of NPs, the FT-ATR data are shown 

in Figure 2.26b for PAA-stabilized γ-Fe2O3NPs (red line) and pristine PAA (black line) in the 

4000–600 cm–1 region. The FT-ATR spectrum of PAA stabilized γ-Fe2O3NPs is not a simple 

superposition of the PAA spectrum, and the relative intensities of the main vibrational bands show 

some changes, which suggests that PAA alters its symmetry when it attaches to the NPs. The main 

features of these spectra are summarized in Table 2.4, which shows the characteristic frequencies 

of free PAA, including the carbonyl stretching (−C=O) at 1669 cm−1, −CH2 scissoring at 1446 cm−1, 

and the −C−O stretching at 1236 cm−1, as well as the symmetric stretching frequencies of the 

carboxylate ions (−COO−) at 1402 cm−1. Compared to the PAA spectrum, the PAA-stabilized γ-

Fe2O3NPs spectrum shows all these characteristic bands (except –C–O stretching) with a maximum 

of 6 cm−1 shift. There is also an additional band for the PAA-stabilized γ-Fe2O3NPs at around 1556 

cm−1, assigned to –COO– asymmetric stretching. These results confirm the surface functionalization 

of NPs with PAA, and based on the small shifts observed in frequencies of PAA-stabilized γ-

Fe2O3NPs (compared to the PAA spectrum), a physical interaction can be proposed between the 

negatively charged PAA (–COO–) and positive surface Fe(III) ions of NPs.203   



 

58 

 

 

Figure 2.26. a) FT-IR spectra of uncoated γ-Fe2O3NPs NPs (blue line) and PAA stabilized γ-Fe2O3NPs (red line); b) 

FT-ATR of PAA stabilized γ-Fe2O3NPs (red line) and PAA (black line).182 

 

Table 2.4. Comparison of FT-ATR peak assignments (in cm−1) for polyacrylic acid (PAA) in solid form and after 

attachment onto the γ-Fe2O3NPs. 

PAA MNPs-PAA peak assignment 

 

1699 

 

1705 

 

–C=O  (free COOH) 

 

 

- 

 

1556 

 

–COO– (aymmetric) 

 

1446 

 

1444 

 

–CH2 scissor 

 

1402 

 

1408 

 

–COO– (symmetric) 

 

1236 

 

 

- 

 

–C–O 

As mentioned above, Raman spectroscopy can discriminate iron oxide phases because they exhibit 

distinct Raman signatures originating from their different oxidation states.204 Hence, Raman 

spectroscopy was used as a complementary technique to better understand the structure of the 

synthesized γ-Fe2O3NPs (in collaboration with Prof. Andrea Giacomo Marrani and Dr. Francesco 

Amato). The Raman spectra of the synthesized uncoated γ-Fe2O3NPs and PAA-coated γ-Fe2O3NPs 

are shown in Figure 2.27(a,b), respectively. The results clearly match Raman spectra for 

maghemite previously reported in the literature,205 with the three broad observed Raman active 

phonon modes at around 350 cm−1 (T1), 500 cm−1 (E), and 700 cm−1 (A1). Regarding the PAA-

coated sample, we clearly see the Raman modes at higher wavenumbers, with two main bands 

centered at around 1400 and 2927 cm−1, assigned to –COO– (symmetric) and –CH/–CH2 stretching 

bands, respectively.206 These results are in accordance with the FT-IR spectra and confirm the 

presence of maghemite phase for the PAA-coated γ-Fe2O3NPs.207,208,209,210 The maghemite phase is 

also confirmed by XPS results (Figure 2.28(c,d)),211,212,213,214,215 and the PAA-coated γ-Fe2O3NPs 

sample was analyzed with XPS in order to ascertain the chemical composition of the inorganic core 

structure. Figure 2.29c shows the XPS spectrum, where the signals due to ionization of Fe, C, O, 
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and Na are visible, the latter resulting from the use of NaOH in the synthesis of PAA-coated γ-

Fe2O3NPs. Figure 3d shows the Fe 2p spectrum of PAA-coated γ-Fe2O3NPs, which is composed of 

two rather broad spin-orbit split components (j = 3/2 and 1/2), whose maxima are separated by a 

ΔEso ~ 13.6 eV. This spectrum was curve-fitted in order to determine the oxidation state of the iron 

species. The curve-fitting procedure was conducted following the work by Grosvenor et al.,250 who 

applied a Shirley background removal to the 2p3/2 envelope and successfully used the Gupta and 

Sen (GS) multiplets calculated for free metal ions, to account for electrostatic interactions in high-

spin Fe(II) and Fe(III) compounds. Also in the present case, a five-fold GS multiplet for Fe(III) 

compounds was used in the curve-fitting (green curves in Figure 2.29d, first component at 710.05 

eV binding energy), achieving a good match with the experimental data. This agreement strongly 

supports the attribution of this signal to γ-Fe2O3, as reported by Grosvenor et al. A further two-fold 

multiplet was added at low binding energy (red curves in Figure 2.29d, first component at 708.17 

eV binding energy), in order to better reproduce the experimental signal. This multiplet appears also 

in the spectrum by Grosvenor et al. as a “pre-peak” and might stem from residual Fe(II) high-spin 

components possibly present in γ-Fe2O3.  

 

Figure 2.29. a) Raman spectra of uncoated γ-Fe2O3NPs; and b) PAA coated γ-Fe2O3NPs; c) XPS survey spectrum of 

PAA coated γ-Fe2O3NPs; d) XPS Fe 2p spectrum of PAA coated γ-Fe2O3NPs182. 

The hydrodynamic size and surface charges of the two γ-Fe2O3NPs systems (bare and coated with 

PAA) were studied by DLS and ζ-potential techniques (Figure 2.30(a,b)). Compared to uncoated γ-

Fe2O3NPs, PAA-coated γ-Fe2O3NPs show smaller size and higher negative surface charge, which 

can be a good indication of PAA coating and, more importantly, PAA’s stabilizing effect on the 
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NPs. Using PAA in the in situ synthesis of NPs allows for controlling the size of γ-Fe2O3NPs 

because the attached PAA moiety provides steric (by its polymeric nature) and electrostatic (by its –

COO– group) stabilizations, thus permitting γ-Fe2O3NPs dispersion in aqueous media. In fact, the 

presence of PAA on the surface of γ-Fe2O3NPs prolongs the colloidal stability by slowing down the 

agglomeration process. Another major advantage of PAA is that the carboxylic acid-enriched 

surfaces of PAA-coated γ-Fe2O3NPs may provide a platform for attaching these NPs to other 

systems to prepare multifunctional nanohybrids. UV-Vis spectra of PAA-coated γ-Fe2O3NPs (1.6–

0.005 mg/mL) were monitored over a 7-day period to characterize their colloidal stability against 

agglomeration and sedimentation.216,217,218 As can be seen in Figure 2.30c, results show no 

significant changes in the intensities, indicating the stability of the preparations against aggregation. 

The images of three PAA-coated γ-Fe2O3NPs suspensions (1.6, 0.16, and 0.08 mg/mL) are shown 

in Figure S6(a,b), in which no precipitation was observed, consistent with the UV-Vis spectra 

(Figure 2.30c). Also, the colloidal stability of higher concentrations of PAA-coated γ-Fe2O3NPs 

(10 mg/mL) was visually monitored over one week, and a remarkable stability of the NPs against 

sedimentation was observed. Conversely, uncoated γ-Fe2O3NPs showed a fast aggregation and 

sedimentation that were visually detected, even at low concentrations (Figure S6c). These results 

are consistent with previous studies on the use of organic molecules as stabilizing agents for MNPs. 

However, the uncoated NPs showed a limited amount of precipitation in the vials, demonstrating 

the positive long-term stabilizing effect of PAA-coated γ-Fe2O3NPs (Figure 2.30c). These results 

are comparable and consistent with the literature about the stabilizing effect of PAA on γ-

Fe2O3NPs. 

The UV-Vis spectra of both NPs systems show the presence of a new absorption band at around 

355 nm (Figure 2.30d), which is different compared to the spectra of precursors ions (Fe2+
(aq) and 

Fe3+
(aq)) and assigned to the band gap of maghemite derived from O(2p) → Fe(3d) 

transitions.219,220,221,222,223 In the freshly prepared samples of both NPs, shoulder peaks centered at 

around 450 nm are observed due to the presence of a minor amount of Fe3O4NPs, which then 

oxidized to the maghemite phase, and are not seen in the results of previous section. 

The peaks of Fe3+
(aq) and Fe2+

(aq) are assigned to charge-transfer electronic transition in octahedral 

acqua complexes.182 Regarding these UV-Vis spectra of the Fe3+
(aq)/Fe2+

(aq), it is worthy to explain 

that their electronic transition is largely governed by their d-electron configuration. The charge-

transfer transitions are both spin- and Laporte-allowed and occur in the UV region, which is closely 

related to the strength of the applied ligand field (10Dq).224  



 

61 

 

 
Figure 2.30. a,b) DLS results of the two bare and PAA-coated γ-Fe2O3NPs; c) stability tests of PAA-coated γ-

Fe2O3NPs assessed by following the maximum absorption peak at 355 nm; d) UV-Vis spectra of freshly prepared 

precursors ions (Fe2+
(aq) and Fe3+

(aq)) and the two NPs. 

 

 

The solid-state morphology and size of the γ-Fe2O3NPs were evaluated using Field Emission 

Scanning Electron Microscopy (FESEM) (Figure 2.31(a,b)). The FESEM image of uncoated γ-

Fe2O3NPs demonstrates a grain-like morphology with a size range of 15–65 nm (Figure 2.31(a,c)), 

and a little aggregation is detected in the image. In agreement with DLS results, the FESEM images 

of PAA-coated γ-Fe2O3NPs show smaller particles (Figure 2.31(b,d), 10–40 nm). This result is 

consistent with the general mechanism of γ-Fe2O3NPs formation including a nucleation step in the 

beginning of co-precipitation, followed by nuclei growth and coalescence. This mechanism is 

supported by our results, in which both DLS and FESEM analyses indicate that the γ-Fe2O3NPs 

obtained without PAA have a larger average size compared to the particles in the presence of PAA. 

EDS elemental analyses showed the presence of C element, which is due to the presence of PAA, 

previously confirmed by the FT-IR/ATR and Raman results (Figure S7). For both γ-Fe2O3NPs 

(with and without PAA), we see smaller distribution particles, compared with the DLS results, 

relating to the differences between these two techniques. In fact, FESEM probes the electron-rich 

part of the particle in the solid state; then only the inner core can be seen, and the result obtained 

would be smaller. On the other hand, the DLS measures a hydrodynamic diameter based on the 
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diffusion of the particles in the solutions, and in most cases, we see larger nanoparticles due to the 

hydrodynamic layer. FESEM images of the hydrogel and magnetogel are shown in Figure 

2.31(e,f), both exhibiting the typical fibrillar structure, suggesting that the presence of PAA-coated 

γ-Fe2O3NPs does not change the macromolecular structure of the gel. Also, the small particles seen 

in the magnetogel image can be assigned to γ-Fe2O3NPs. 

 
Figure 2.31. (a) FESEM results of uncoated γ-Fe2O3NPs and (b) PAA-coated γ-Fe2O3NPs; (c) size histogram of γ-

Fe2O3NPs and (d) PAA-coated γ-Fe2O3NPs; (e) FESEM of peptide hydrogel alone and (f) γ-Fe2O3NPs@HG 

magnetogel. EDS data of PAA-coated γ-Fe2O3NPs are reported in the supporting section (Figure S7). 

The viscoelastic behavior and the adsorption properties of hydrogel materials are tightly correlated 

properties. The goal of the rheological analyses was to understand how the presence of PAA-coated 

γ-Fe2O3NPs and their concentration could modulate the viscoelastic behavior of the hydrogels. As 

can be seen in Figure 2.32, for all systems, the experimental curves show a typical trend of a 

viscoelastic gel-like material, characterized by G’ values much larger than G” values.225 All the 

magnetogels showed lower mechanical strength compared to the hydrogel alone, and a 

concentration-dependent trend is observed for the magnetogels’ mechanical strength, in which the 

highest concentration of γ-Fe2O3NPs (30 mg/mL) had the lowest storage modulus. The decrease in 



 

63 

 

the strength of the magnetogels may be due to the presence of PAA-coated γ-Fe2O3NPs with 

different sizes, morphologies, and surface charges. The negatively charged PAA-coated γ-

Fe2O3NPs could expand the hydrogel network and increase the number of pores and free spaces, 

lowering the mechanical strength. The PAA-coated γ-Fe2O3NPs can interact with some hydroxyl 

and amine groups of the hydrogel using Fe(III) and PAA moieties expanding the internal network 

structure.226,227,228,229,230 The swelling abilities of hydrogel and magnetogel samples was measured 

and summarized in Table 2.5. All magnetogels showed higher swelling behavior in comparison to 

the native peptide-based hydrogel. This result may be attributed to the interaction of the hydrogel 

networks with PAA-coated γ-Fe2O3NPs, neutralizing the repulsions in the networks and resulting in 

the penetration of more water in order to compensate for the buildup of osmotic ion pressure.8,231 

Another water adsorbing moiety is the attached-PAA. These results are consistent with the 

rheological studies, and there is an inverse relationship between them, meaning that the higher 

mechanical strength causes the lower swelling ability of the gels. For all successive removal 

applications, we used the 10 mg/mL PAA-coated γ-Fe2O3NPs magnetogels because of their higher 

mechanical strength compared to the other two magnetogels. 

 
Figure 2.32. Frequency sweep of the hydrogel and Hgel@MNPs-PAA magnetogels. 

 

Table 2.5. Swelling abilities of the hydrogel systems. 

samples Swelling degree (q) 

hydrogel 62.1 ± 0.3 

Hgel@MNPs-PAA (containing 10 mg/mL)  73.8 ± 0.9 

Hgel@MNPs-PAA (containing 20 mg/mL)  81.2 ± 0.2 

Hgel@MNPs-PAA (containing 30 mg/mL)  88.2 ± 0.3 

 

Co(II) removal studies. Co(II)(aq) has a broad metal-based absorption peak in the visible region 

centered at 512 nm.232 Over the whole removal process, the intensity of this peak decreases without 

significant change in the wavelength for all the three adsorbents (Figures 2.33a and S8) tested, i.e., 
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HG, γ-Fe2O3NPs@HG, and γ-Fe2O3NPs@HG upon magnetic field application. In particular, in 

Figure 2.33a, the UV-Vis spectra of γ-Fe2O3NPs@HG upon magnetic field application is reported. 

The adsorption capacity of these systems was monitored as a function of contact time (Co(II)initial = 

61 mg/mL), and qt (in mg g–1) plots are shown in Figure 2.33b, with contact times ranging from 0 

to 480 min (Equation 4, 5 Appendix A). The adsorption capacities follow the trend γ-

Fe2O3NPs@HG upon magnetic field application > γ-Fe2O3NPs@HG > HG, confirming the 

enhancing effect of γ-Fe2O3NPs on the adsorption. The interaction of magnetogel with an external 

magnet further increases the capacity, compared to that of the magnetogel. For each adsorbent, a 

fast Co(II) removal was observed in the first 15 min, which is due to the large number of active 

sites available on the hydrogel.233 This rapid adsorption might be due to chemical rather than 

physical adsorption because of the possible complexation between the suitable functional groups of 

hydrogels and Co(II) ions. This phenomenon was already reported in several studies of Co(II) 

adsorption.234,235 Then, their adsorption gradually slowed until reaching equilibrium after 480 min 

for all systems. At equilibrium, the capacity of γ-Fe2O3NPs@HG upon magnetic field application is 

about 1.25 times higher than that of the other two adsorbents. Total adsorption efficiencies were 

estimated, and the results show that γ-Fe2O3NPs@HG and γ-Fe2O3NPs@HG upon magnetic field 

application increase the removal efficiency by 0.3% and 5.3%, respectively (Table 2.6), in 

comparison with hydrogel alone. Under these experimental conditions, the external magnetic field 

has a relevant effect on the adsorption capacity and efficiency of the hydrogel. 

As time passes, the removal speeds decrease, owing to more active sites occupied by Co(II) ions. 

To better understand the adsorption kinetics, two well-known kinetic models, pseudo-first order and 

pseudo-second order, were applied and evaluated using the given linearized equations (Equations. 

(6) and (7)), as provided in Appendix A. In general, the pseudo-first order model describes a 

reversible adsorption between solid and liquid phases,236 claiming physisorption rather than 

chemisorption. Conversely, the second-order model mainly suggests a chemical adsorption of 

adsorbates onto the adsorbents;237 in which chemical bonding occurs among the metal ions and 

polar functional groups of the adsorbents. Two kinetic plots are shown in Figure 2.33(c,d), and the 

subsequently calculated kinetics parameters are summarized in Table 2.7. Considering the 

correlation coefficient, R2 better-fitted straight lines were obtained from the pseudo-second order 

relation for all the adsorbents, compared to those obtained for the pseudo-first order plots. 

Moreover, the calculated equilibrium adsorption capacities, qe, obtained from the pseudo-second 

order equation were much closer to the experimental trend seen in Figure 2.33b. The results 

suggest that the adsorption of Co(II) onto our synthesized HG and γ-Fe2O3NPs@HG systems 
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occurs through chemisorption, in agreement with previous works.238 Also, we can clearly see the 

significant effect of magnetic interaction on the speed of adsorption, as shown in Table 2.7. 

The chemisorption of Co(II) can be interpreted based on the coordination chemistry of Co(II) aquo 

complexes, which are kinetically labile species. For substitution reactions, the transition metal 

kinetics are governed by their electronic configurations. For octahedral complexes, the d orbitals 

split into high energy eg (dz
2 and dx

2
−y

2) and low energy T2g (dxz, dyz, dxy) levels, of which eg orbitals 

show anti-bonding characters. Due to the high-spin d7 configuration of Co(II) aqua complexes 

having the T2g
5 eg

2, they also exhibit the Jahn-Teller effect (z-out), which is a geometric distortion 

of a non-linear molecular system that reduces its symmetry and energy, seen in the complexes 

having the occupied eg levels. Therefore, the Co(II) ions in the dissolution process have high lability 

and are vulnerable to the chemical substitution reaction to achieve their stable electronic 

configurations. In fact, the presence of Fmoc-Phe and diphenylalanine (Phe2) in the hydrogel 

network can provide the chelating moiety (through their nitrogen and oxygen atoms) for the Co(II) 

ions, resulting in stable Co(II) complexes.239 

Regarding the enhancing effect of γ-Fe2O3NPs nanoparticles, it is consistent with previous studies 

on magnetogels240,241 and is related to the fact that NPs embedded in hydrogel can increase the 

cross-linking degree and porosity of the gel, providing a channel for the entry, exit, and adsorption 

of some substances. More importantly, the interaction of γ-Fe2O3NPs@HG with the external 

magnet further enhances the adsorption. As is well-known, magnetogels can exhibit an on/off effect 

on the hydrogel pores. In fact, swelling or shrinking states of γ-Fe2O3NPs@HG can be influenced 

by the magnetic dipole-dipole orientation of γ-Fe2O3NPs toward the external magnetic field242 and 

can increase the permeability of Co(II) into the hydrogel network for the chemisorption.243 
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Figure 2.33. a) UV-Vis study of Co(II) adsorption by γ-Fe2O3NPs@HG upon magnetic field application (the UV-vis 

spectra for the peptide HG and γ-Fe2O3NPs@HG are reported in the Supporting Information section, toghether with the 

calibration curve for Co(II) aqueous solutions); b) adsorption capacity of HG, γ-Fe2O3NPs@HG and γ-Fe2O3NPs@HG 

upon magnetic field application versus time; c) fit of kinetic data to pseudo-first order model and d) pseudo-second 

order model for Co(II).182 

Table 2.6. Co(II) adsorption efficiencies and capacities, obtained from the UV−Vis measurements at the equilibrium, at 

room temperature. 

Adsorbent Removal% 

(RE%)  

Experimental qe (mg g–1) 

HG 20.4 ± 0.3 1680 ± 34 

γ-Fe2O3NPs@HG 20.7 ± 0.4 1703 ± 42 

γ-Fe2O3NPs@HG + magnet 25.7 ± 0.6 2111 ± 72 

 

 

Table 2.7. Co(II) adsorption rate constant obtained from pseudo-first order and pseudo-second order models, at room 

temperature. 

 

pseudo-first-order model pseudo-first-order model 

    k1 (min–1) qe 

(mg g–1) 

R2     k2 (g mg–1 min–1) qe 

(mg g–1) 

R2 

hydrogel 0.003

6 

1867 0.9057 0.0005 1958 0.9722 

Hgel@MNPs-PAA 0.003

6 

1611 0.9363 0.0005 1895 0.9872 

Hgel@MNPs-PAA 

+ 

magnet  

0.003

2 

 

1486 

 

 

0.9667 

 

0.0004 

 

 

2285 

 

0.9834 
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Ni(II) removal studies. Ni(II)(aq) complexes display a typical octahedral structure with six water 

ligands in the first coordination shell244 and an absorption maximum at 394 nm due to spin-allowed 

transitions. Upon interaction, a decrease in the absorption band was observed without significant 

changes in the wavelength (see supporting information, Figure S9). The γ-Fe2O3NPs@HG 

dramatically enhances the adsorption of Ni(II), with and without an external magnet. All the three 

systems show very fast adsorptions in the early 30 min, and applying an external magnet results in 

reaching the equilibrium earlier, after around 150 min for γ-Fe2O3NPs@HG + magnet. Considering 

the effect of an external magnet on γ-Fe2O3NPs@HG adsorption ability, a plateau is reached after 

150 min. Without applying the external magnet, the equilibrium is reached later (after 360 min) but 

with 10% higher adsorption capacity (Figure 2.34). The adsorption efficiencies are summarized in 

Table 2.8, showing that the γ-Fe2O3NPs@HG and γ-Fe2O3NPs@HG + magnet systems can 

increase the removal efficiency by 7.3% and 5.1%, respectively, compared to the native hydrogel. 

For all the three adsorbents, the speed of adsorption is higher in the beginning and slows down with 

time. Also, the adsorption speed of magnetogels (with and without an external magnet) is higher 

than that of the native hydrogel. Applying the kinetics models for the Ni(II) removal, it can be seen 

(Figures 2.34b) that the pseudo-second order model was more consistent for all these three systems 

(all second-order coefficients R2 are higher than 0.97), supporting a chemisorption mechanism for 

Ni(II) (Table 2.9). 

 

Table 2.8. Ni(II) adsorption efficiencies and capacities, obtained from the UV−Vis measurements at the equilibrium, at 

room temperature. 

adsorbent % removal 

hydrogel 18.6 ± 0.1 

Hgel@MNPs-PAA 25.9 ± 0.4 

(Hgel@MNPs-PAA + 

magnet) 

23.7 ± 0.4 

 

Table 2.9. Ni(II) adsorption rate constant obtained from pseudo-first order and pseudo-second order models, at room 

temperature. 

 

 

 

 

Cr(III) removal showed a different pattern, compared to Co(II) and Ni(II) adsorption. It is known 

that the aqueous Cr(III)(aq) can show three absorption peaks due to both the d→d electronic 

pseudo-first-order model pseudo-first-order model 

    k1 (min–1) qe 

(mg g–1) 

R2      k2 (g mg–1 min–1) qe 

(mg g–1) 

R2 

hydrogel 0.0115 1948 0.8548 0.000005 1785 0.9735 

Hgel@MNPs-PAA 0.0161 2998 0.8247 0.000007 2325 0.9954 

Hgel@MNPs-PAA 

+ 

magnet  

0.0092  

613 

 

 

0.9457 

 

0.000036 

 

1851 

 

0.9993 
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transitions. In the present study, the absorption peak of 420 nm was monitored and assigned to spin-

allowed transition. The UV-Vis spectra (reported in the supporting information, Figure S10) show 

the decrease in the 420 nm absorption band due to the removal of Cr(III). As can be seen in Figure 

2.34c, the adsorption rate of both magnetogels γ-Fe2O3NPs@HG with and without the applied 

magnet is higher than that of the hydrogel HG in the first half of the experiments. However, at 

equilibrium, all adsorbents reach almost similar values of removal capacity (Figure 2.34c) (120–

130 mg/g). Similar to the Co(II) and Ni(II) results, here also we clearly see the higher speed of 

magnetogels in removing the contaminant, further enhanced by the presence of a magnetic field. 

Table 8 reports the removal efficiencies for all the systems. 

Kinetic studies provided us further detailed information on Cr(III) removal. The adsorption 

efficiency and fitting results of the kinetic models are given in Tables 2.10 and 2.11. For the 

hydrogel, the correlation coefficient (R2) provided by the pseudo-first order model is much higher 

than that of the pseudo-second order, suggesting a physical mechanism for the adsorption of Cr(III) 

(Figure 2.34d). This can be explained by the electronic configuration of Cr(III) aqua complexes 

(d3), which are kinetically inert and have a low rate for the chemical substitution reaction in normal 

conditions. The physical mechanism might be due to the electrostatic interaction of positively 

charged Cr(III) ions with the negatively charged hydrogel network. Conversely, the data obtained 

with both magnetogels (with and without magnet) fit with a pseudo-second order model, suggesting 

that the presence of γ-Fe2O3NPs@HG and magnetic field can both change the hydrogel network 

and porosity, providing chelating conditions inside the hydrogel suitable for the formation of the 

chemical bonds among hydrogel hyteroatoms and Cr(III) ions. 
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Figure 2.34. (a) Ni(II) adsobtion capacity of the HG, γ-Fe2O3NPs@HG and γ-Fe2O3NPs@HG + magnet versus time; 

(b) fit of kinetic data to the pseudo-second-order model for Ni(II). (c) Cr(III) adsobtion capacity of the HG, γ-

Fe2O3NPs@HG and γ-Fe2O3NPs@HG +magnet versus time; (d) fit of kinetic data to the pseudo-first and (e) second-

order models for Cr(III). (the complete UV-Vis study of Ni(II) and Cr(III) adsorption are reported in the supporting 

information section togheter with the Ni(II) and Cr(III) calibration curves). 

 

Table 2.10. Cr(III) adsorption efficiencies and capacities, obtained from the UV−Vis measurements at the equilibrium, 

at room temperature.  

adsorbent % removal 

hydrogel 13.2 ± 0.1 

Hgel@MNPs-PAA 15.5 ± 0.1 

Hgel@MNPs-PAA + 

magnet 

14.7 ± 0.0 

 

Table 2.11. Cr(III) adsorption rate constant obtained from pseudo-first order and pseudo-second order models, at room 

temperature. 

 

Two different experimental set-ups were developed for the removal of methylene blue (MB), 

rhodamine 6G (Rh6G), and methyl orange (MO) by using different hydrogel samples (Figure 

2.35). In a first set of experiments, gel samples were prepared inside cuvettes, and then the aqueous 

pseudo-first-order model pseudo-first-order model 

    k1 (min–1) qe 

(mg g–1) 

R2 k2 (g mg–1 min–1) qe 

(mg g–1) 

R2 

hydrogel 0.0105 248 0.8355 - 27 0.0040 

Hgel@MNPs-PAA 0.0101 184 0.9052 0.00003 212 0.9538 

Hgel@MNPs-PAA 

+ 

magnet  

0.0112 134 

 

 

0.9197 

 

0.0001 

 

163 

 

 

0.9794 
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dye solution was placed on top of them. With this configuration, the dyes may diffuse into the gel 

matrix by gravity (without the need to apply any external forces). In another set of experiments, gel 

samples were prepared inside syringes. In the removal experiments, the dye solutions were allowed 

to flow inside the syringes, placed vertically, either by gravity or by applying an external force. 

Therefore, in this set-up, the dyes pass through the gel matrix and exit from the lower inlet of the 

syringe. Figure S12 showes the calibration curves for these dyes.  

 

Figure 2.35. The two different set-ups used for the removal studies of organic dyes from water: a) employing cuvettes 

and b) employing syringes. 

 

 

2.3.1. Experimental set-up employing cuvettes 

MB has a heterocyclic aromatic structure (Figure 2.36) with characteristic absorbance peaks at 293 

and 664 nm, related to π – π* and n – π* transitions, respectively.245 The visible absorption (664 

nm) was monitored during MB removal studies. Regarding Rh6G, it contains a xanthene moiety 

that is responsible for its π → π* absorption at visible wavelengths.246 The visible absorption at 527 

nm was monitored for evaluating Rh6G removal by the adsorbents. The anionic dye MO has a 

strong absorption at around 500 nm, which was selected for the adsorption experiments.  
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Figure 2.36. Chemical structures of methylene blue (MB), rhodamine 6G (Rh6G) (model cationic dyes) and methyl 

orange (MO) (model anionic dye). 

 

Three different types of adsorbents were used for the removal of the three organic dyes described 

above from aqueous solutions: the native gel, γ-Fe2O3NPs@gel and γ-Fe2O3NPs@gel + mf (mf: 

external magnetic field). 

 In particular, the adsorption abilities of these materials were evaluated as a function of contact time 

with the solution of the selected dye and expressed as qt ( mg of dye absorbed by 1 g of dry 

hydrogel). The evolution of qt values as a function of time for each dye+adsorbent system is 

reported in the plots in Figures 2.37(a-c), for contact times ranging from 0 to 480 min. In addition, 

Tables 2.11 and 2.12 show the removal efficiencies/capacities and calculated kinetic parameters of 

the three adsorbent systems for the three dyes, respectively.  

The results obtained with this experimental set-up show that the magnetic NPs change the 

adsorption properties of the pristine gels and, also, an external magnetic field additionally modifies 

the adsorbing character of the gels. Over the whole removal process of the three examined systems, 

no significant changes were detected in the maximum wavelength of the dyes and, as can be seen in 

Figures 2.37(a-c), dye adsorption decreased with time. This general feature, observed for all dyes 

and adsorbents, is probably linked to the progressive saturation of the active sites of the adsorbent 

over  time, that eventually reaches the equilibrium after approximately 400 min.  
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Figure 2.37. Adsorption capacities (qt, mg/g) of the native gel, γ-Fe2O3NPs@gel and γ-Fe2O3NPs@gel + mf, versus 

time for MB (a), Rh6G (b) and MO (c). 

 

Figure 2.37a shows that the qt values for MB follow the trend gel > γ-Fe2O3NPs@gel + mf > γ-

Fe2O3NPs@gel, which is different from those observed for Rh6G and MO, where γ-Fe2O3NPs@gel 

exhibits the best performance in terms of dye removal (Figures 2.37(b,c)). Such difference may be 

ascribed to the different structures of the dyes, which affect the gel-dye interaction at the molecular 

level.  

Another worth mentioning result is the change of removal efficiencies (RE%) and final adsorption 

capacities for different systems, summarized in Table 2.11. For MB, the results show that the 

removal efficiencies of γ-Fe2O3NPs@gel and γ-Fe2O3NPs@gel + mf are decreased by 26.3% and 

10.1%, respectively, in comparison with the native gel. For Rh6G, both magnetogels and pristine 

gels show similar RE% values and the combination of magnetogels with the application of a 

magnetic field significantly drops the adsorption efficiency by 29.1%. For MO, the magnetogel 

shows the highest RE% value, while the interaction of magnetogels with the magnetic field 

increases the dye removal by 16.7%.  

Regarding the different effect of γ-Fe2O3NPs on dye adsorption, it is in good agreement with 

literature data on magnetogels247,248 and is due to the ability of NPs embedded in hydrogels to affect 

both cross-linking degree and porosity of the gels, influencing the surface channels and, therefore, 

the entry, exit and adsorption of molecules.249 Also, the application of an external magnetic field 



 

73 

 

can further change the adsorption, because magnetogels are able to exert an on/off effect on the 

hydrogel pores.250 Swelling or shrinking states of γ-Fe2O3NPs@gels can be influenced by the 

magnetic dipole-dipole orientation of γ-Fe2O3NPs towards the external magnetic field251 and most 

prorbably affect the permeability of dyes into the gel network.252,253 

Table 2.11. Removal efficiencies and capacities (qe) of different hydrogel systems for MB, Rh6G and MO. 

 

As well known, the study of the adsorption kinetics is able to provide information on the nature of 

the adsorption (e.g. physisorption or chemisorption).254  In this study, we employed pseudo-first and 

pseudo-second order kinetic models, as described for metal removal in Appendix A.The calculated 

kinetic parameters are summarized in Table 2.12, where the best correlation coefficients (R2) of 

MB and Rh6G studies were mainly obtained when using the pseudo-first-order kinetic model, 

except for γ-Fe2O3NPs@gel (Rh6G) studies. For this system, the calculated equilibrium adsorption 

capacity, qe, obtained from the pseudo-first order relation was more similar to the experimental 

values reported in Figure 2.37 and Table 2.11, suggesting that the adsorption of Rh6G onto these 

adsorbents mainly occurs through physisorption. MB and Rh6G dyes possess cationic imine and 

amine groups that can favor their adsorprion on the hydrogels, thanks to different electrostatic 

interactions that may occur, such as that between the positively-charged imine nitrogen of the dyes 

and the negatively-charged hydroxyl groups of the hydrogel. Moreover, H-bonding interactions 

among the amine group of the dyes and the −OH groups of the hydrogels may be established.255 

Returning to the possible pseudo-second order mechanism estimated for γ-Fe2O3NPs@gel (Rh6G), 

it is attributed to chemisorption, which may depend on the chelation between the carboxyl and 

amine groups of the gels (–NH, –OH, and –COOH) and the lone pair electrons of the dye 

molecules.256,257,258,259,260,261 Conversely to these cationic dyes, MO (as an anionic dye) shows much 

lower RE% and qe values, which may be related to its negative charge, significantly limiting its 

electrostatic interaction with the gels, even if it was used at higher initial concentrations (10 ppm) 

than MB and Rh6G (5 ppm). For MO, two adsorbents show physisorption (gel and γ-

Fe2O3NPs@gel + mf), controlled by physical forces like dipole-dipole interactions, hydrogen 

 
adsorbent 

removal efficiency% 

(RE%) 

qe (mg g–1) 

 

  

 

 

 

MB 

gel 30.8 ± 1              0.11 ± 0.0                

γ-Fe2O3NPs@gel 22.7 ± 2 0.08 ± 0.0   

γ-Fe2O3NPs@gel + mf 27.7 ± 1 0.09 ± 0.0   

 

 

R6G 

gel 45.7 ± 1 0.16 ± 0.0    

γ-Fe2O3NPs@gel 47.5 ± 1 0.17 ± 0.0   

γ-Fe2O3NPs@gel + mf 32.4 ± 2 0.11 ± 0.0   

 

 

MO 

gel 13.3 ± 1 0.09 ± 0.0   

γ-Fe2O3NPs@gel 14.1 ± 0 0.10 ± 0.0   

γ-Fe2O3NPs@gel + mf 13.4 ± 0 0.09 ± 0.0   
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bonds, van der Waals forces, hydrophobic interactions. Based on these results, the prepared 

adsorbent is more suitable for the removal of cationic dyes, rather than anionic ones. 

 

Table 2.12. Kinetic data obtained from pseudo-first and pseudo-second order models for different hydrogel systems and 

MB, Rh6G or MO at RT. 

  pseudo-first order pseudo-second order 

 adsorbent k1 

(min–1) 

qe 

(mg g–1) 

R2 k2 

(g mg–1 min–1) 

qe 

(mg g–1) 

R2 

 

 

 

MB 

gel 0.011 0.14 0.9715 0.037 0.16 0.9713 

γ-Fe2O3NPs@gel 0.012 0.12 0.9493 0.0028 0.35 0.1329 

γ-Fe2O3NPs@gel + 

mf 

0.011  

0.15 

 

 

0.9323 

 

 

0.017 

 

 

0.18 

 

0.8257 

 

 

 

 

 

 

Rh6G 

gel 

0.0074 0.17 0.992 0.023 0.23 0.9822 

γ-Fe2O3NPs@gel 

0.0080 0.18 0.9881 0.026 0.23 0.9921 

γ-Fe2O3NPs@gel + 

mf 

0.0089 0.14 0.9696 0.018 0.20 0.8597 

 

 

 

 

 

 

MO 

gel 

0.0069 0.10 0.9712 0.048 0.13 0.954 

γ-Fe2O3NPs@gel 

0.010 0.13 0.9328 0.037 0.15 0.9832 

γ-Fe2O3NPs@gel + 

mf 

0.0080 0.11 0.9638 0.024 0.15 0.8149 

 

2.3.2. Experimental set-up employing syringes 

 

The absorbing abilities of native gel, γ-Fe2O3NPs@gel and γ-Fe2O3NPs@gel + mf towards the 

selected dyes were tested with the experimental set-up employing syringes (Figure 2.38). Three 

different conditions were used, including: 1) gravitational passage of the dye through the gels inside 

the syringe (Figure S13a); 2) gravitational passage with application of filters attached to the outlet 

of the syringe (Figure S13b); and 3) application of a constant pressure to increase the flow rate of 

the dye inside the syringe, combined with the use of a filter at the outlet of the syringe (Figure 

S13c). In terms of time and reproducibility, the third set-up was selected as the optimized condition 

for studying the absorbing abilities of the gels. It must be taken into account that the filters absorb 
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part of the dye, therefore this filter absorption was quantified for each dye and then subtracted from 

the amount of dye removed by each hydrogel system (see Figures S14-S17).  

 

 

Figure 2.38. Absorbing abilities of gel, γ-Fe2O3NPs@gel, and (γ-Fe2O3NPs@gel + mf) for the removal of a) MB (C0 = 

5 ppm, pH = 7.4, 1 mg of adsorbent, flow rate = 0.2 mL/min); b) Rh6G (C0 = 5 ppm, pH = 7.2, 1 mg of adsorbent, flow 

rate = 0.2 mL/min); c) MO (C0 = 10 ppm, pH = 7.5, 1 mg of adsorbent, flow rate = 0.2 mL/min). 

 

For the cationic dyes, MB and Rh6G, significant adsorptions (> 60%) were observed for all 

adsorbents (gel, γ-Fe2O3NPs@gel and γ-Fe2O3NPs@gel + mf) (Table 2.13). For MB, the pristine 

gel showed 20.3% higher RE% than the magnetogel, however, when the external magnet was used, 

the γ-Fe2O3NPs@gel + mf system demonstrated a 4.5% higher RE%, compared to the native 

hydrogel. For both γ-Fe2O3NPs@gel + mf and pristine gel systems, a red-shift was also detected, 

which may be attributed to the decrease of dye concentration, after passing through the gels. The 

UV-Vis spectrum of the initial MB solution  shows a monomeric structure for the dye, that can exist 

in two monomeric mesomers (I and II), based on literature data (see Figure 2.39).262  
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Table 2.13. Adsorption efficiencies of different hydrogel systems for the removal of MB, Rh6G or MO from an 

aqueous phase using the experimental set-up employing syringes. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 2.39. Alternative mesomeric structures for MB. 

 

Based on Fernández-Pérez’s work on the mesomeric structure of MB in water, we propose that, 

after the removal of the dye by the native gel or γ-Fe2O3NPs@gel+mf, the purified solutions 

contain the mesomeric II structure of MB, which has different UV-Vis adsorption with the observed 

red-shift, compared to the initial MB solution.  

For Rh6G, more than 95% of the dye was removed by both γ-Fe2O3NPs@gel and γ-

Fe2O3NPs@gel+mf and for the observed red-shift of the purified solutions, a monomer/dimer 

change of Rh6G may be proposed. In fact, the initial solution of Rh6G shows a combination of 

monomer/dimer species for the dye. After dilution, the concentration of monomers becomes 

significant and the spectral change is observed. Another important factor is the possible release of 

ions (e.g., Na+, Cl–) from the hydrogel matrix to the filtered solutions which can also affect the 

spectral pattern on the dyes. 

Conversely to the cationic dyes, for MO no significant spectral changes were detected after 

filtration;  RE% values for MO are much lower (20-30%) compared to MB and Rh6G, probably due 

to the different charges of the dyes. Regarding the amount of MO adsorbed by the three hydrogel 

systems, γ-Fe2O3NPs@gel and γ-Fe2O3NPs@gel+mf show the same adsorption efficiencies 

(approximately 30%), compared to lower amounts observed for the pristine gel (approximately 

20%). 

In Table 2.14, the adsorption capacities of γ-Fe2O3NPs@gel + mf (in the experimental set-up 

employing syringes) towards cationic dyes were compared with those of similar adsorbents reported 

 

adsorbent 

RE% of 

cuvette 

set-up 

 RE% of 

syringe 

set-up 

  

 

MB 

gel 30.8 ± 1              80.4 ± 1                

γ-Fe2O3NPs@gel 22.7 ± 2 60.1 ± 2   

γ-Fe2O3NPs@gel + mf 27.7 ± 1 84.9 ± 0   

 

R6G 
gel 45.7 ± 1 83.2 ± 1   

γ-Fe2O3NPs@gel 47.5 ± 1 95.0 ± 0   

γ-Fe2O3NPs@gel + mf 32.4 ± 2 97.6 ± 0   

 

MO 
gel 13.3 ± 1 21.8 ± 7   

γ-Fe2O3NPs@gel 14.1 ± 0 30.0 ± 6   

γ-Fe2O3NPs@gel + mf 13.4 ± 0 31.3 ± 6   
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in literature. The observed lower adsorption capacities for the magnetogels described in this study 

may be improved by modifying the formulation of the magnetogel, e.g. using crosslinkers that 

could also improve the mechanical stability of the magnetogels and, therefore, their reusability as 

adsorbents. 

By comparing the two experimental setups (cuvettes and syringes, see Table 2.13), the adsorption 

using cuvettes is much lower, as it occurs only at the interface between gel and solution, while in 

the case of syringes the solution passes through the mass of the gel, allowing a greater interaction 

with it and, consequently, a greater adsorption of the dyes. More importantly, in each methodology, 

the trends of RE% values of the adsorbents (Figures S18-S20) are changed. These to results 

demonstrate that syringes are more effective because of the ability of mechanical pressure applying 

which force the dyes move along the gels. 

 

Table 2.14. Comparison of the adsorption capacities of (γ-Fe2O3NPs@gel + mf) with similar adsorbents for the 

removal of cationic dyes. 

 

                            adsorbent 

cationic 

dyes 
C0 (mg mL–1) 

  adsorption 

capacities of 

syringe set-up  

(mg g–1) 

  
reference 

 

γ-Fe2O3NPs@gel + mf 
MB 

       

0.005              
          0.9             

  
this work 

γ-Fe2O3NPs@gel + mf Rh6G 0.005 1.1  
  

this work 

poly(acrylic acid-acrylamide-butyl 

methacrylate) magnetic hydrogel 
MB 50-100 12.6 

  

      263 

 

Fe3O4/poly(2-hydroxyethyl methacrylate-co-

itaconic acid) magnetic hydrogels 

 

MB 

0.05-

0.2              

 

 

174.9 

  

 

      264 

poly(2-(2-methoxyethoxy) ethyl methacrylate-

co-oligo (ethylene glycol) methacrylate-co-

acrylic acid) (PMOA) hydrogel-magnetic 

attapulgite/Fe3O4 

RhB 

(rhodamine 

B) 

0.001 1.65 

  

265 
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3. Conclusion 

The potential impact and perspective of this thesis could be summarized as: 

1- We developed an in situ one-pot approach for preparing AgNPs inside peptide hydrogels using a 

photochemical synthesis, without any toxic reducing agents. We biosynthesized a very short self-

assembling peptide containing only three amino acids with the maximum aromatic moieties that a 

tripeptide can have, which can self-assemble in water. Pseudomonas fluorescence lipase was used 

to catalyze the synthesis of the Fmoc-Phe3 hydrogelator. The use of biocompatible peptide 

molecules, instead of toxic precursors, paves the way for an eco-friendly generation of AgNPs. The 

novelty of this work lies in the development of different synthetic methodologies for one-pot 

preparation of hgel@AgNPs, where AgNP formation occurs in situ and simultaneously with the 

sol-gel transition. In addition, the synthesized nanocomposites showed significant anti-bacterial 

activity against S.aureus, a common bacteria frequently found on the skin and in the upper 

respiratory tract causing skin infection, sinusitis, and food poisoning without any vaccine 

prevention. The prepared hgel@AgNPs composites have the potential to be applied as films on the 

skin surface. 

 2- Moreover, we introduced a novel hydrogel composite using our short peptide hydrogels as 

scaffolds for stabilizing TiO2NPs; which have the potential of photocatalytic inactivation of 

microorganisms. To our knowledge, this was the first report in which a self-assembling peptide 

hydrogel was used as scaffold for stabilizing TiO2NPs. According to our previous studies, the 

antibacterial activity of Fmoc-Phe3 hydrogel is n, the antibacterial activity of Fmoc-Phe3 hydrogel 

is negligible, but adding TiO2NPs significantly increased the photocatalytic antimicrobial properties 

of the composite against S.aureus. In addition, different concentrations of TiO2NPs inside the 

hydrogels were used to investigate the effect of concentration on the swelling ability, mechanical 

strength, and antibacterial properties of the composites. However, the effect of ultrasonication 

during hydrogel preparation on the properties of the composites was evaluated.  

3- Turning to the magnetogel, The goal of this work was to direct attention to emerging and novel 

research involving Magnetogel nanohybrid materials that might be relevant in future applications 

for the Treatment of wastewater, as well as other fields. Generally, composite hydrogels are 

promising adsorbents with tunable features, and we demonstrated that the addition of effective 

functional groups in nanohybrid materials through chemical conjugation is a promising strategy to 

further improve the adsorption abilities of hydrogels. The results achieved pointed out that the 

presence of γ-Fe2O3NPs provides magnetic properties to the resulting nanohybrids, which can be 

applied for magnetic-based removal applications of contaminants, such as heavy metal ions and 

dyes, from aqueous phases. The results of the removal studies demonstrate that the presence of 
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Fe2O3NPs in combination with the application of an external magnetic field increases the adsorption 

efficiency of the hydrogel matrix. In the future, this study could be expanded to test the recovering 

ability of the these adsorbing systems for the recycling of metal ions, and extensive efforts should 

be directed to scale up the applications and test the developed materials in practical scenarios. 

These results are promising for potential environmental applications of γ-Fe2O3NPs-peptide 

magnetogels to the removal of pollutants from aqueous media. 
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4. Appendix A 

4.1. Materials: Silver nitrate (AgNO3,  98%, Sigma-Aldrich, 169,87 g/mol); Sodium3-mercapto-1-

propanesulfonate (3MPS, 98%, Sigma-Aldrich, 178,21 g/mol); Sodium borohydride (NaBH4, 99%, 

Sigma-Aldrich, 37,83 g/mol); Sodium dodecylsulfate (SDS); β-D-Glucose (Commercial product, 

180,156 g/mol); Honey ( Millefiori)  (G.B. Ambrosoli SpA, Commercial product); 

Fluorenylmethyloxycarbonyl-phenylalanine (Fmoc-Phe-OH, 99%, Bachem, 387,44 g/mol); L-

Diphenylalanine (H-Phe-Phe-OH, 98%, Bachem, 312,36 g/mol); Lipase from Pseudomonas fluorescens 

(Sigma-Aldrich, ≥20,000 U/g); Deionized water; NaOH (Carlo Erba Reagents, ≥98%); HCl (Carlo Erba 

Reagents, 37%); NaCl (Carlo Erba Reagents); KCl (Carlo Erba Reagents); Acetone; Ethanol; 

FeCl2·4H2O (Fluka, 198.75 g/mol);  FeCl3 (Fluka, 162.20 g/mol); CrCl3·6H2O (Carlo Erba, 158.36 g/mol); 

NiCl2·6H2O (Alfa Aesar, 129.59 g/mol);  CoCl2·6H2O (Alfa Aesar, 129.83 g/mol); Dyes 

 

4.2. Instrumentation:  

All UV-Vis spectra were recorded in 1.00 cm optical path quartz cells using a UV/Visibile 

Ultraspec 4000 spectrophotometer (Pharmacia Biotech, Uppsala, Sweden).. The measurements 

were performed as the wavelength of resonance related to silver nanomaterials is between 

approximately 400 and 500 nm, depending on their dimensions, as mentioned above. Several 

analyzes have been conducted to study how surface plasmon resonance varies of silver 

nanoparticles as a function of various parameters, such as time, temperature conservation of the 

samples, and, as regards the AgNPs synthesized with NaBH4, β-D glucose, and honey, the time of 

exposure to sunlight. For these measurements, the AgNPs in solution were diluted and sonicated to 

break any aggregates that had been formed. Instead, to analyze the AgNPs trapped in the hydrogel 

matrix, the composites were first mechanically broken, then diluted and sonicated too.  

The measurement of the size of the NPs was conducted using the Dynamic Light technique 

Scattering (DLS), using a Zetasizer Nano ZS instrument (Malvern Instruments, UK). This technique 

is based on the fact that when a suspension is crossed by a ray bright, a part of the light that hits the 

particles is scattered, that is, it is deflected from the its straight path in all directions. It is observed 

that the intensity of the scattered light measured at a given angle θ varies with time. These intensity 

fluctuations are due to motion Brownian, i.e. the random motion of suspended particles in all 

directions. Even more so, the particles move quickly, the more rapid the variations in intensity are. 

The experimental conditions used are the following: a He-Ne laser operating at λ = 633 nm, with a 

fixed dispersion angle of 173° and at a constant temperature (25 °C). For these measurements, the 

AgNPs in solution were diluted and sonicated to break any aggregates that had been formed. 

Instead, to analyze the AgNPs trapped in the hydrogel matrix, the composites were first 

mechanically broken, then diluted and sonicated too.  
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Morphological characterization of the all NPs (Ag, TiO2, γ-Fe2O3) and composite hydrogels were 

performed through field emission scanning electron microscope (FESEM) measurement. FESEM 

images were obtained using a variable pressure scanning electron microscope (VP-SEM, Hitachi 

SU-3500) equipped with dual-energy-dispersive X-ray spectroscopy detectors (VP-SEM-dEDS) in 

a parallel configuration (Bruker, XFlash 6|60) and a high active area (60 mm2 each). Samples were 

deposited onto stubs without the need for a conductive coating and analyzed at an accelerating 

voltage that avoided radiation damage.  

ICP-AES was performed to find the yield of the in situ formed AgNPs after exposure. First, the 

nanoparticles were separated from unreacted silver ions using 3 kDa membrane f ilter (Amicon 

Ultra-100 Centrifugal Filter Unit, Millipore, UK) inside a centrifuge with 15,000 rpm for 30 min at 

20 C. Then the purified nanoparticles were digested in HNO3 overnight, and the final solution was 

diluted by a final factor of 25 before the measurements. The amount of formed AgNPs in ppm was 

analyzed by inductively coupled plasmaatomic emission spectrometry (ICP-AES) with a Varian 

Vista RL CCD Simultaneous ICP-AES spectrometer. The analytical detection limit for Ag was 0.04 

mg/L, and analytical errors were estimated to be in the order of 3% using Ag emission line 338.289 

nm. The formation yield for AgNPs was calculated with the following equation: 

 

𝑌𝑒𝑖𝑙𝑑 =
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑔 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐴𝑔 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦
 × 100 

Raman spectra were run at room temperature in backscattering geometry with an inVia Renishaw 

micro-Raman spectrometer equipped with an air-cooled CCD detector and super-Notch filters. An 

Ar+ ion laser (λlaser = 514 nm) was used, coupled to a Leica DLML microscope with a 20× 

objective. The resolution was 2 cm−1 , and spectra were calibrated using the 520.5 cm−1 line of a 

silicon wafer266. 

FTIR-ATR data were collected with a Bruker Vertex 70 instrument (Bruker Optics, Ettlingen, 

Germany) using KRS-5 cells in the 4000−400 cm−1 range or in ATR mode on a diamond crystal in 

the 4000−600 cm−1 spectral region. 

To characterize the composites from a rheological point of view, it is possible to exploit dynamo-

mechanical analysis (mechanical spectroscopy). In this case, the test in oscillatory mode was carried 

out on the hydrogels with an Anton Paar MCR 302 rotational rheometer, registering the elastic (G’) 

and viscous (G”) moduli trend, in the presence and absence of silver nanoparticles, varying the 

frequency of application of the stimulus and keeping the intensity of the deformation to which the 

samples are subjected constant (shear strain = 1%). These frequency sweep experiments are carried 

out with a rotational rheometer having a plate-plate geometry, keeping the gap between the two 

plates constant (1 mm). The test is performed under constant temperature conditions (30 °C). 
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For XPS analysis, a modified Omicron NanoTechnology MXPS system was employed. Samples 

were excited by achromatic AlKα photons (hν = 1486.6 eV), operating the anode at 14–15 kV, 10–

20 mA. The take-off angle and pass energy were fixed at 21◦ and 20 eV, respectively. Samples were 

prepared by casting onto a hydrogenated Si(100) wafer a 20 µL drop of a hydrogel where the initial 

Ag+ concentration was 15 mM. The obtained Si-supported sample was left to dry overnight, and 

then mounted on a stainless steel sample holder for measurement. 

For characterization of the hydrogel composites containing AgNPs, The small angle X-ray 

scattering measurements were conducted at SAXS Lab Sapienza with a Xeuss 2.0 Q Xoom system 

(Xenocs SA, Grenoble, France) equipped with a micro-focus Genix 3D X-ray Cu source and a two-

dimensional Pilatus3 R 300 K detector (Dectris Ltd., Baden, Switzerland) as reported previously267. 

In the case of TiO2 NPs, SAXS measurements were carried out based on previously published 

works with some modifications8. A Xeuss 2.0 Q Xoom instrument (Xenocs SA, Grenoble, France) 

was used. A small portion of each hydrogel sample was inserted into borosilicate glass capillaries 

and the measurements were carried out at 25 ± 1 °C and reduced pressure (< 0.4 mbar).  Model 

intensities were calculated using SasView268. In order to obtain information on the size in the real 

space of the inhomogeneities giving rise to SAXS profiles, pair distance distribution functions were 

obtained by indirect Fourier inversion of the I(q) using the GNOM software of the ATSAS 

package269. 

Swelling ability of the hydrogels were investigated after hydrogel formation. In this cases 3 mL of 

phosphate buffer solution (PBS, pH = 7.4) was added and incubated for 24 h at 30 °C in a 

thermostatic bath. Then PBS was removed, and the hydrogels were lyophilized. The swelling 

degree was calculated according to the Equation (1): 

𝑞 =
𝑊𝑠−𝑊𝑑

𝑊𝑑
         (1) 

q =swelling degree, Ws = hydrogel weight after PBS removal, Wd = weight of lyophilized gel. 

The degradation kinetics of the native hydrogels as well as hydrogel composites containing AgNPs, 

under physiological conditions, were evaluated using the following stability assay. Briefly, 8.5 mL 

of Ringer’s solution, containing NaCl (8.6 mg/mL), KCl (0.3 mg/mL), and CaCl2 (0.33 mg/mL), 

were added to each hydrogel sample. Samples were incubated at 37 °C for 30 days. After 

incubation, the supernatant was removed. The hydrogels were weighed before adding Ringer’s 

solution (W0) and after its removal (Wt). The percentage of weight loss (ΔW%) was calculated 

using Equation (2) 

  𝛥𝑤% =
𝑊0−𝑊𝑡

𝑊𝑡
× 100                      (2) 

To obtain the daily degradation rate (T), the percentage of weight loss (ΔW%) was then divided by 

the total incubation time (30 days) using Equation (3): 
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 𝑇 =
(𝛥𝑊%)

30
                                                                      (3) 

4.3. Methods 

Synthesis of Fmoc-tripeptide composite hydrogels and PAA-coated magnetic nanoparticles. 

For the preparation of the hydrogel, 40 µmol of Fmoc-Phe and 40 µmol of Phe2, were dispersed in 1 

ml of water in a glass vial and stirred magnetically. To dissolve the peptides the pH value was 

increased to 12 adding 0.42 mL of 0,5 M NaOH and stirring for approximately 10 minutes. Then 

pH was adjusted to 7 by the addition of 1,5 ml of 0.1 M HCl, reaching a final volume of 3 ml. 

Pseudomonas fluorescence Lipase solution (50 mg/ml) was added (100 μL) and the reaction 

mixture was placed in a thermostated bath at 37°C for 30 minutes. 

In the case of AgNPs/hgel (AgNPs/hgel) composite preparation, equimolar quantities of the amino 

acid and dipeptide along with 0.750 mL of H2O and 0.315 mL of NaOH were mixed and stirred for 

10 min. Then, 0.333 mL of AgNO3 was added to the mixture and the pH was decreased to around 7 

using HCl. Then the volume was adjusted to 3 mL and PFL was added. For the preparation of the 

composite with honey (AgNPs/hgel-honey), Before the addition of PFL solution, 0.90 mL of honey 

(350 mg/mL) was introduced and the mixture was incubated for 30 min at 37 °C in a thermostated 

bath. Regarding the synthesis using β-D-glucose, the AgNP precursors solution was prepared by 

hydrogel precursors and dissolved in an aqueous phase with the following reagents: 0.333 mL of 

AgNO3 (5 mM), 0.333 mL of SDS (10 mM) and 0.333 mL of β-D-glucose (75 mM). The optimized 

molar ratios among the reagents are equal to 1: 2: 15 (AgNO3: SDS: β-D-glucose). The mixture was 

then stirred magnetically for 1 min to start the nucleation of AgNPs.  When using NaBH4, the 

AgNPs precursors solution was prepared as follows: 0.333 mL of AgNO3 (5 mM) and 0.333 mL of 

3MPS (20 mM) were mixed and bubbled with Ar for 10 min. At the end of bubbling, 0.333 mL of 

NaBH4 (25 mM) were added to start the AgNPs nucleation and then they added to the 

hydrogelators.  

To prepare the hydrogel composites containing TiO2 NPs (hgel-TiO2NPs), a titania water dispersion 

was added instead of water, after 30 minutes in an ultrasonic bath. Two different titania 

concentrations were used: 5 mg/3ml, 10 mg/3 mL. 

In the case of Hgel@MNPs-PAA composite, first The PAA-coated magnetic nanoparticles were 

synthesized in a separate step using the co-precipitation method in which 40 mg of FeCl3 and 25 mg 

of FeCl2·4H2O were dissolved in 25 mL of an aqueous solution of polyacrylic acid (PAA) and 

degassed with Ar(g) for 15 min, followed by increasing the temperature to 80 °C. Then pH of this 

solution was increased to 11 by a fast addition of NaOH (10 M). The mixture was stirred at 80 °C 

for 60 min (with constant monitoring of the pH) and then cooled down to room temperature. The 

dark-brown colloidal solution of MNPs was collected by the strong magnet (1.42-1.47 T) and 
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washed three times with a total volume of 150 mL of ultra-pure water, to remove the excess amount 

of NaOH and other non-magnetic species. The resultant nanoparticles were freeze-dried and stored 

at room temperature. Regarding the PAA, it was synthesized by radical polymerization of acrylic 

acid (2 mL) in the presence of initiator potassium persulfate (50 mg) in a total volume of 25 mL 

water for at  

80 °C for 5 h. For the preparation of peptide hydrogels impregnated with the synthesized magnetic 

NPs 1 mL of three different concentrations of MNPs suspension (10mg/mL, 20mg/mL, and 

30mg/mL) were selected and added to the hydrogelatros instead of water with the same procedure 

as described for composites containing titania NPs.  

Adsorption Experiments. Magnetogel samples were prepared in cuvettes, and 2 mL of the target 

solutions (Co(II), Ni(II), and Cr(III)) were cast on top of them, using different concentrations of the 

cations (see Figure S7). We only used the 10 mg type γ-Fe2O3NPs/hgel magnetogel because of its 

higher mechanical strength, evidenced by the rheological characterization. The removal studies 

were performed using UV-Vis spectroscopy, and the results are presented in Figures 2.34 and S9–

S11. For all the tested pollutants, we used three main hydrogel-based absorbents including (1) HG, 

(2) γ-Fe2O3NPs/hgel magnetogel, and (3) γ-Fe2O3NPs/hgel + magnet). We also studied the removal 

efficiency of γ-Fe2O3NPs alone (10 mg/mL), and no significant change was observed in the UV-Vis 

of solutions. For dyes removal, 2 mL of aqueous dye solution (MB, Rh6G or MO) were cast on top 

of the gels. The concentration of MB and Rh6G was 5 ppm, while MO concentration was 10 ppm.  

 The UV-Vis absorbances of the solutions were monitored over time with 15 min intervals, and the 

removal efficiency (RE) was estimated by absorption spectra using Equation (4) as follows:  

𝑅𝐸(%) =
𝐶0−𝐶𝑓

𝐶0
× 100         (4) 

where C0 is the initial concentration of pollutant and Cf is the concentration of pollutant in the 

eluted solution. The calibration curves were obtained and used for the calculations. Also, the 

adsorption capacities were estimated using the stock solutions of the pollutants (Co(II), Ni(II), and 

Cr(III)) prepared at pH 7, and their concentrations remaining in solutions after specific time 

intervals were determined by UV-Vis spectrophotometry. The adsorption capacity (qe, mg g−1 ) of 

the adsorbents was calculated using Equation (5)270:  

𝑞𝑒 =
𝐶0−𝐶𝑒

𝑚×𝑉
           (5) 

where m (g) is the dried hydrogel mass, C0 and Ce (mg L−1 ) are the initial and equilibrium 

pollutant concentrations, and V (L) is the solution volume, respectively. Kinetic behavior was 

studied using non-linear pseudo-first order and pseudo-second order kinetic models (Equations (6) 

and (7))271.  
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log (𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 −
𝑘1𝑡

2.303
        (6) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2
+ 𝑡/𝑞          (7) 

Tested microorganisms for antibacterial activities. For the case of hydrogel, composites 

containing AgNPs alone and AgNPs coated with honey, S. aureus ATCC 25923 was purchased 

from the American Type Culture Collection. The methicillin-resistant Staphylococcus aureus 

(MRSA) clinical isolate was provided by the Microbial Strain Repository of the Microbiology and 

Virology laboratory of San Gallicano Dermatology Institute, Rome, Italy, collected in 2020 from a 

patient presenting skin and soft tissue infections272. 

For the case of composites containing AgNPs synthesized with NaBH4 and β-D-glucose as reducing 

agents, The antimicrobial activity was evaluated using the S. aureus strain from the American Type 

Culture Collection (ATCC) 25923. The laboratory strain S. aureus ATCC 25923 was collected from 

a Blood Agar plate (Oxoid, Basingstoke, Hampshire, UK).  

For the case of composites containing TiO2NPs, S. aureus ATCC 6538 was purchased from the 

American Type Culture Collection. (Manassas, VA, USA) Methicillin-resistant Staphylococcus 

aureus (MRSA) clinical isolates were provided by the Microbial Strain Repository of the 

Microbiology and Virology Laboratory of San Gallicano Dermatological Institute IRCCS, Rome, 

Italy. These microorganisms were collected in 2020 from patients presenting skin and soft tissue 

infections. MRSA strains presented the gene for methicillin resistance (mecA), oxacillin resistance 

(MIC ≥ 4 mg/mL) and a positive agglutination test for penicillin-binding protein (PBP2; Oxoid, 

Basingstoke, UK). Whole-genome analysis of MRSA strains and the phylogenomics were carried 

out as previously described273. 

Plate inhibition zone assay to test for antimicrobial activity. An overnight culture of S. aureus 

ATCC 25923 or MRSA grown on a blood agar plate was used to inoculate 2 mL of 0.45% saline 

solution to 0.5 ± 0.1 McFarland turbidity standard (~108 CFU/mL). Then, the bacteria were 

swabbed onto a Chocolate agar plate (bioMérieux, Marcy-l’Étoile, France). A 20 µL drop 

containing AgNPs formulations was released on the top of the agar plate and incubated at 37 ◦C for 

24 h. A 0.45% saline solution was used as the positive control. After 24 h of incubation, the 

diameter of the inhibition zone was measured, and plates were photographed. 

Determination of minimal inhibitory concentration (MIC). For the case of hydrogel, composites 

containing AgNPs alone and AgNPs coated with honey, The experiments were conducted as 

previously described274. Antimicrobial susceptibility testing (AST) of silver nanoparticles in the 

hybrid in the free form was performed as described previously275. The metabolic activity of the 

treated planktonic bacterial cultures was evaluated in the presence of serial two-fold dilutions of 

different compounds264. Experiments were conducted in triplicate and repeated three times. 
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For the case of composites containing AgNPs synthesized with NaBH4 and β-D-glucose as reducing 

agents, MICs (minimum inhibitory concentrations) were calculated using the broth microdilution 

method. The laboratory strain S. aureus ATCC 25923 inoculated in 2 mL of 0.45% saline solution 

(Air Life, Fresno, CA, USA) to obtain turbidity of 0.5 ± 0.1 McFarland (McF). Subsequently, 100 

µL of bacterial suspension, diluted 1:100 in cation-adjusted Mueller–Hinton broth (MHB), 

corresponding to 1 × 106 CFU/mL, was used to inoculate a 96-well polystyrene plate (Corning Inc., 

Corning, NY, USA). bacteria were incubated at 37 ◦C for 24 h in the presence of different 

concentrations of antimicrobial compounds. After treatment with the different antimicrobial 

compounds, viable cells were determined with plate counting for the CFU/mL determination264. All 

experiments were in triplicate and repeated three times. 

For the case of composites containing TiO2NPs, The antimicrobial activity of hgel-TiO2NPs and 

TiO2NPs was determined for each strain using the broth microdilution method to define the 

minimum inhibitory concentration (MIC). Briefly, a standard bacterial inoculum of approximately 1 

× 105 CFU/mL was prepared in cation-adjusted Mueller–Hinton broth (MHB, Thermo Fisher 

Scientific, Waltham, MA, USA) and used to inoculate a 96-well polystyrene flat-bottom plate with 

100 µL. Cells were treated with serial 2-fold dilutions of the compounds in MHB, ranging from 1.6 

to 0.05 mg/mL. Growth controls containing no compounds and sterility controls without bacteria 

were also included. To evaluate the bactericidal activity of UV light-activated hgel-TiO2NPs and 

TiO2NPs, a preliminary set of experiments was conducted using microplates exposed to direct UV 

light for 10, 5 and 3 min276. The plates were incubated for 24 h at 37 ◦C in a microplate reader 

(Multiskan SkyHigh, Thermo Fisher Scientific, Waltham, MA, USA), where QD600 readings were 

taken every 20 min. Viable cell counts were determined through plate counting to measure 

CFU/mL. Experiments were performed in triplicate and repeated three times. 

Determination of Metabolic Activity. To determine the metabolic activity, 100 µL of a standard 

bacterial inoculum of approximately 1 × 105 CFU/mL bacteria, treated with a two-fold dilution of 

the tested compounds as previously described (from 16 to 0.05 mg/mL), was placed in 96-well flat-

bottom microtiter plates with the addition of resazurin (Promega, Madison, WI, USA). Positive 

controls of the bacterial inoculum were left untreated. Metabolic activity was assessed in the 

absence of UV exposure. The plates were incubated for 1200 min (20 h) at 37 ◦C and the 

absorbance (600 nm) was recorded every 20 min by a multidetector microplate reader (Multiskan 

SkyHigh, Thermo Fisher Scientific, Waltham, MA, USA)264.  
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Appendix B: (supporting figures) 

 

 

 

 

 

 
Figure S1. Color changing of the prepared hydrogel containing silver solution after exposuring to the sun light 

(formation of the AgNPs). 

 

 

 

 

 

 

 

 

 

 

 
Figure S2. Color changing of the prepared hydrogel containing silver solution and honey after exposure to the sunlight 

(formation of the AgNPs@honey). 

 

 

 

 

 

 

 

 

 

 
Figure S3. Preparation of the peptide hydrogel composites impregnated with AgNPs in the presence of 3MPS as 

capping agent and NaBH4 as reducing agent (conventional method). 

 

 

 

 

 

 

 

 

 

 

 
Figure S4. Preparation of the peptide hydrogel composites impregnated with AgNPs in the presence of SDS as capping 

agent and glucose as a green reducing agent (green method). 
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Figure S5. Separation of γ-Fe2O3NPs with an external magnetic field (1.42-1.47 T). 

 

 
Figure S6. PAA-coated γ-Fe2O3NPs solutions after one week for a) 1.6, 0.16 and 0.08 mg/mL and b) 10 

mg/mL; c) sedimentation of uncoated γ-Fe2O3NPs after 24 h. 

 
Figure S7. EDS spectrum of PAA-coated γ-Fe2O3NPs. 
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Figure S8. UV-Vis study of Co(II) adsorption for a) the peptide HG; b) γ-Fe2O3NPs@HG, and c) the calibration curve 

for Co(II) aqueous solutions. 
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Figure S9. UV-Vis study of Ni(II) adsorption for a) the peptide HG; b) γ-Fe2O3NPs@HG; c) γ-Fe2O3NPs@HG upon 

magnetic field application; d) the calibration curve for Ni(II) aqueous solutions, and e) fit of kinetic data to pseudo-first 

order model for Ni(II). 
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Figure S10. UV-Vis study of Cr(III) adsorption for a) the peptide HG; b) γ-Fe2O3NPs@HG; c) γ-Fe2O3NPs@HG upon 

magnetic field application and d) the calibration curve for Cr(III) aqueous solutions. 

 

 
Figure S11. Methodology used for studying the removal efficiency of Co(II), as an example here. 
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Figure S12. (a) Calibration curve of methylene blue (MB); (b) calibration curve of rhodamine 6G (R6G); (c) calibration 
curve of methyl orange (MO). 

 

 

 

Figure S13. (a) Gravitational passage of MB through the gels inside the syringe; (b) gravitational passages with 
applying the filter in the outlet of the syringe; (c) gravitational passage with applying the filter and a constant 
pressureincrease the flow rate of the dye inside the syringe. 
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Figure S14. (a) Absorption of MB by the filter for different cycles; (b) amount of MB adsorbed by the filter in each 
cycle; (c) visual observation of the MB adsorption by the filter. 
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Figure S15. (a) Absorption of Rh6G by the filter for different cycles; (b) amount of Rh6G adsorbed by the filter in each 
cycle; (c) visual observation of the Rh6G adsorption by the filter. 

(a) (b) 

(c) 

Before After 10 cycles After 5 cycles 

(a) (b) 

(c) 

Before After 5 cycles After 10 cycles 

Wavelength (nm) 
 
 
 
 
 

1.0 
 
 
 
 
 
 
 
 
 

0.8 
 
 
 
 
 
 
 
 
 

0.6 
 
 
 
 
 
 
 
 
 

0.4 
 
 
 
 
 
 
 
 
 

0.2 
 
 
 
 
 
 
 
 
 

0 
 
 
 
 
 
 
 
 
 

1.6

 
 
 
 
 
 
 
 
 
 

1.4

 
 
 
 
 
 
 
 
 
 

 1.4 
 1.2 

 
 
 
 
 
 
 
 
 

1.0 
 
 
 
 
 
 
 
 
 

0.8 
 
 
 
 
 
 
 
 
 

0.6 
 
 
 
 
 
 
 
 
 

0.4 
 
 
 
 
 
 
 
 
 

0.2 
 
 
 
 
 
 
 
 
 

0 
 
 
 
 
 
 
 
 
 

1.8

 
 
 
 
 
 
 
 
 
 

 1.8 
 1.6

 
 
 
 
 
 
 
 
 
 

1.4

 
 
 
 
 
 
 
 
 
 

 1.8 
 1.2

 
 
 
 
 
 
 
 
 
 

 1.8 
 1.0

 
 
 
 
 
 
 
 
 
 

 1.8 
 0.8

 
 
 
 
 
 
 
 
 
 

 1.8 
 

0.6

 
 
 
 
 
 
 
 
 
 

0.4

 
 
 
 
 
 
 
 
 
 

 1.8 
 0.2

 
 
 
 
 
 
 
 
 
 

0

 
 
 
 
 
 
 
 
 
 

 1.8 
 

A
b

s
 

 



 

94 

 

  

400 500 600
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

A
b

s

Wavelenght (nm)

 0

 1st cycle

 2nd cycle

 3rd cycle

 4th cycle

 5th cycle

 6th cycle

 7th cycle

 8th cycle

 9th cycle

 10th cycle

0 2 4 6 8 10
0,00

0,05

0,10

0,15

0,20

0,25

A
b

s
o

rb
e

d

cycles

 amount of MO absorbed in each cycle

 

 

 

 

 

 

 

 

Figure S16. (a) Absorption of MO by the filter for different cycles; (b) amount of MO adsorbed by the filter in each 
cycle; (c) visual observation of the MO adsorption by the filter. 
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Figure S17. (a) Separation of the dyes by gel, γ-Fe2O3NPs@gel, and (γ-Fe2O3NPs@gel + mf) using the syringe with 
filter and external pressure for (a) MB; (b) Rh6G; (c) and MO. 
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Figure S18. Comparison of the cuvette and syringe methodologies for absorption MB by (a) gel; (b) γ-Fe2O3NPs@gel; 
and (c) γ-Fe2O3NPs@gel + mf. 
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Figure S19. Comparison of the cuvette and syringe methodology for absorption Rh6G by (a) gel, (b) γ-Fe2O3NPs@gel, 
and (c) γ-Fe2O3NPs@gel + mf. 

 

          

400 450 500 550 600
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

A
b

s

wavelenght (nm)

 MO only

 1 replication syringe

 2 replication syringe

 1 replication cuvette

 2 replication cuvette

400 450 500 550 600
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

A
b

s

wavelenght (nm)

 MO only

 1 replication syringe

 2 replication syringe

 1 replication cuvette

 2 replication cuvette

 

(c) 

(a) (b) 

(a) (b) 

(c) 

Wavelength (nm) 
 
 
 
 
 

Wavelength (nm) 
 
 
 
 
 

W
a
v
e
l
e
n
g
t
h
 
(
n
m
) 
 
 
 
 
 

Wavelength (nm) 
 
 
 
 
 

Wavelength (nm) 
 
 
 
 
 



 

98 

 

400 450 500 550 600
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

A
b

s

wavelenght (nm)

 MO only

 1 replication syringe

 2 replication syringe

 1 replication cuvette

 2 replication cuvette

  

Figure S20. Comparison of the cuvette and syringe methodology for absorption MO by (a) gel; (b) γ-Fe2O3NPs@gel; 
and (c) γ-Fe2O3NPs@gel + mf. 
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