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1 
Literature overview 

 
Materials chemistry is one of the most dynamically explored fields of nowadays 

science. This growth is driven by the direct or indirect utilization and application of 

various materials, in order to sustain life expectations and demands. Such criteria 

are met by a group of materials called “hybrid materials”, which are defined by 

IUPAC as “Materials composed of an intimate mixture of inorganic components, 

organic components, or both types of components”.1-2 Although, the concept of 

inorganic-organic hybrid materials appeared only in the second half of  

the 20th century, such non-defined hybrids have been commonly used already  

in Ancient history.3 Classic examples of the materials obtained by an unconscious 

combination of inorganic and organic components, leading to a new hybrid material, 

were paints and dyes. Easily accessible pigments, such as an orange-brownish rust 

powder (Fe2O3), an intensive yellow carotenoid called crocin contained in saffron, 

or crocus, a reddish-purple secretion of sea snails, a blue indigo dye derived from  

a flowering plant, or carbon black mixed with a painting medium – most usually 

various aluminosilicate clays – and secreted organic binders (saliva, blood, fat,  

or urine) led to effective, permanent, low-cost, and easy-obtainable paintings used 

even in the 19th century.4 Other examples may include the use of mixtures of 

amylopectin-rich rice gruel with clay, sand, or calcium carbonate for urban 

constructions, or stable and plastic kaolin-urea mixtures applied in  

the manufacturing of ceramics in Ancient China. However, today’s science sets more 

complex and mankind-directed requirements connected with globalization, such  

as environmental protection, sustainable development, energy and data storage, etc. 

But why are hybrid materials so interesting from the scientific point of view?  

There is a lot of factors affecting their tremendous popularity, such as (i) a variety 

of available and/or known inorganic and organic components; (ii) creation of new 

physicochemical properties of materials with simultaneous preservation  

of components’ properties; (iii) a wide range of their applicability in analytical  
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and applied chemistry, optics, or electronics; (iv) an easiness in their production, 

even at large-scale; and (v) a variety of synthetic approaches.5-6 

General classification of hybrid materials includes Type I materials, which 

hybridization is based on weak physical and/or non-covalent attractions between 

inorganic and organic components (e.g. encapsulation/entrapping process or 

embedding within a matrix stabilized by π-π stacking, van der Waals or electrostatic 

interactions, or hydrogen bonds), while Type II materials are stabilized by strong 

covalent bonds.7 It is worthy to highlight at this point that, from the synthetic point 

of view, a combination of polymeric support and organic receptor leads to  

dual-polymeric materials, which might be classified as hybrid materials. However,  

a countless amount of hybrid materials’ compositions and their multiple 

applications make the general summary impossible. Therefore, this summary will 

focus on the types of supports and functionalizing organic domains reported in  

the articles included in my doctoral dissertation.  

The role of supporting materials 

The main role of supports used for the creation of novel functional materials is 

primarily affording the desired physical properties. However, the choice of  

a particular support leads to several beneficial properties, especially an easiness of 

the functionalization, biocompatibility, or chemical stability. These features are 

exhibited by inorganic platforms, such as silica (SiO2), titania (TiO2), magnetite 

nanoparticles (Fe3O4), quantum dots, zeolites, and carbon or halloysite nanotubes. 

Nevertheless, satisfactory physicochemical or biological characteristics, e.g. water 

dispersibility, cytocompatibility, or cytoadhesiveness, of several bio-derived and 

synthetic polymers, lead to their recent propagation as functional materials’ 

components.  

The high applicability of silica in various branches of material chemistry is 

strictly related to its high melting point (~ 1700°C), accessibility in natural deposits, 

a simple protocol for the obtaining of amorphous or ordered silica particles of  

a controlled porosity and size, and well-described modification approach through 

hydrolytic co-condensation using functional silanes.8,9 Other frequently used 

inorganic platforms are magnetite nanoparticles. Among their main advantages is 

high magnetic susceptibility affording easy and fast separation or 3D direction,  
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a variety of cheap synthetic approaches leading to nanosized particles, in vitro and 

in vivo cytocompatibility, and high durability.10-12 However, not only inorganic 

particles are preferably chosen as platforms of functional materials.  

Although moderate attention has been paid to the alternating synthetic copolymer 

of methyl vinyl ether and maleic anhydride (PMVEAMA), its biocompatibility,  

low toxicity, biodegradability, the presence of pendant anhydride domains 

undergoing an easy functionalization, and biologically beneficial mucoadhesiveness 

have been evidenced in the literature.13-15 Therefore, these three materials have 

been chosen as preferred supports for the obtaining of functional materials.  

Dendrimers as functionalizing organic receptors 

The term “dendrimer” has been used for the very first time in a scientific article in 

1985 by Tomalia, who presented a method for obtaining a new class of 

monodisperse poly(amidoamine) dendritic macromolecules.16 Although a quite 

similar approach for the synthesis of poly-armed molecules had been already 

published in 1978 by the group of Vögtle,17 the report of Tomalia is now treated  

as a focal point of significant interest in dendrimers chemistry.  

In order to explain and justify the fame of dendrimers, we need to answer  

the question: what are their structural features, and thus application areas? 

Dendrimers, also named as tree-like molecules, and previously as arborols or 

cascade molecules, are highly branched, mono-dispersed, and multivalent 

macromolecules of well-defined three-dimensional architecture.18-19 They consist of 

polyfunctional core molecule surrounded by branched arms (dendrons).  

The branching level, identified as a dendrimers’ generation, determines  

the molecular size, the number of internal and terminal functional groups,  

and the presence of internal cavities/voids – free spaces between subsequent 

branches. Owing to the described structural features, dendrimers may find multiple 

applications in analytical chemistry, drug and gene delivery, or catalysis.20-27  

Up to now, a variety of types of dendrimers have been proposed and characterized, 

including: poly(amidoamine) (PAMAM); poly(propylene imine) (PPI); polypeptide 

(especially based on poly-L-lysine); polyester (especially based on 2,2-bis-

(hydroxymethyl)propionic acid (bis-MPA)); triazine; Fréchet-type (poly(arylalkyl 
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ether)-based); polyether; cyclotriphosphazane-based; carbosilane; and 

polyphenylene dendrimers. 

However, due to the type of functional internal amide groups and terminal 

amine groups, synthetic approaches, and ability to interact with various analytes 

illustrated in Figure 1, PAMAM dendrimers gained the most significant attention in 

their application in either free or support-immobilized forms. A synthetic strategy 

of poly(amidoamine) dendrimers involves two main approaches: divergent and 

convergent methods,28 which are based on the repetitive coupling of building units 

to a core molecule, and coupling of pre-synthesized branches to a core molecule, 

respectively.  

 

Figure 1. The structure of a classic PAMAM dendrimer containing ethylenediamine 

(EDA) as a terminal amine component, and its possible interaction mechanisms: 

chelation of metal cations (red); ion-dipole interactions (orange); proton exchange 

leading to electrostatic interactions (green); hydrogen bonding (sea blue);  

and supramolecular inclusion (navy blue). 
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Free PAMAM dendrimers exhibit several analytical and biological applications, 

which are strictly correlated with their structural features, such as the possibility  

of interactions with other chemicals through different types of bonding, the ability 

of supramolecular inclusion of various molecules into dendritic cavities,  

water-solubility, or permeation through membranes.29 However, it has been 

postulated that highly branched PAMAM dendrimers of a higher generation 

containing numerous terminal –NH2 groups can lead to inconvenient interactions 

with negatively charged membranes’ domains or blood constituents.30,31 Therefore, 

poly(amidoamine) dendrimers and their PEGylated, acylated, or lauroylated 

derivatives shielding aggressively positive charge, were successfully used for  

a delivery of drugs, nucleic acids, or contrasting agents,32-40 an enhancement of 

poorly water-soluble drugs,41-44 and optical sensing or binding of analytes.45-50  

The successful and promising studies over the application of free and functionalized 

PAMAM dendrimers in biological chemistry led to the designing of functional 

materials with immobilized dendritic domains, applicable in various fields.  

Such materials might be obtained by following two different synthetic approaches: 

(1) ‘grafting to’ method, which involves immobilization of a pre-synthesized 

dendrimer on the surface of a material through a reactive linker; and (2) ‘grafting 

from’ method, based on the synthesis of dendrons on a surface-modified material 

with a particular functional group - usually an amine group. The first approach leads 

to the formation of a system containing fully-dendritic domains on the surface,  

while the latter leads to a system grafted with quasi-dendritic structures, in which 

the material particle is a dendritic core (Figure 2). Nonetheless, both types of 

materials contain branched and basic amido-amine-rich molecular receptors, which 

are able to form chemical complexes with (i) metal cations through chelation 

mechanism; (ii) acidic molecules by a proton exchange leading to an acid-base 

system; or (iii) negatively charged species through dipole-ion interaction. Moreover, 

the formation of host/guest supramolecular structure, in which pendant PAMAM 

residue plays a role of the host, is also an alternative route of dendrimer-grafted 

material interactions with analytes.  
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Figure 2. The schematic representation of the materials functionalized with 

generation 3 PAMAM dendrimers or dendrons, obtained following the ‘grafting to’ 

and ‘grafting from’ approaches, respectively. 

One of the first researches aiming at the synthesis of materials containing 

PAMAM dendrons, and their application as toxic metal ions scavengers, was 

performed by Qu et al. in 2006.51 The conducted studies involved the adsorption of 

a series of metal cations from their aqueous solutions on the silica-based adsorbents 

grafted with amine- or ester-terminated PAMAM dendrons. Consequently, several 

materials grafted with PAMAM dendrimers or their conjugates with 5-sulfosalicylic 

acid or methyl isothiocyanate were further used in the chelation of Pb(II), Pd(II), 

Co(II), Au(III), Hg(II), Ag(I), Fe(III), or Cu(II) from their aqueous or ethanolic 

solutions.52-62 The effectiveness of the silica-PAMAM in remediation of toxic metal 

cations has triggered an implementation of SBA-15 or MCM-41 types of mesoporous 

silica, titania, carbon nanotubes, halloysite nanotubes, or magnetite nanoparticles 

as supports for metal cation scavenging systems.63-72 Moreover, owing to  

the multiple terminal groups in the structure of PAMAM dendrimers, several 

materials grafted with such molecular receptors were also investigated for their 

efficiency in the removal of various acidic or anionic species, especially anionic dyes 

(malachite green, methyl orange, reactive blue, Congo red, etc.) and phenol 

compounds.73-77 The formation of complexes between dendritic-functionalized 

materials and metal cations has also prompted the use of such materials as matrices 

for metal-containing catalysts. After the complexation of metal cations by a surface 

dendrimer, the material is treated with a reducing agent (most often NaBH4), leading 

to metallodendrimer-functionalized particles. The main advantage of these 
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materials is preventing metal nanoparticles from agglomeration, leaching,  

and passivation, and a uniform structure of dispersing matrix leading to regularly 

and well-defined located metal nanoparticles, which jointly provide highly efficient, 

easily recyclable, and eco-friendly catalysts of various organic reactions.  

For instance, SBA-15 mesoporous silica functionalized with hydroxyl-terminated 

PAMAM dendrimer complexed with Fe(III) ions showed very good catalytic activity 

accelerating the formation of C–C bonds between chosen ketones and indoles 

following Michael addition, Fe3O4 nanoparticles functionalized with PAMAM-Co(II) 

complex were studied for the catalysis of Mizoroki-Heck cross-coupling between 

aryl halides and alkyl acrylates, or magnetic graphene oxide grafted with PAMAM 

dendrimer allowed for solvent-free and fast Knoevenagel condensation between 

malononitrile and various aryl aldehydes.78-81 Also, materials functionalized with 

dendrimers may play the role of a platform for the immobilization of enzymes, 

leading to an improved stability of biocatalysts and their enhanced reusability.82-84  

Another, highly important application of dendrimer-functionalized materials 

is the delivery of bioactive compounds or nucleic acids. Several studies including 

adsorption and subsequent in vitro release of drugs in pseudophysiological 

conditions showed that silica particles, carbon, titania and alumina nanotubes,  

or Fe3O4-based materials grafted with PAMAM dendrimer domain are effective  

in the delivery of e.g.: methotrexate and doxorubicin – anticancer agents; 

anthocyanin – a potential antioxidant; silibinin – a drug used in hepatic diseases; 

ibuprofen, ketoprofen, and diclofenac – non-steroidal anti-inflammatory drugs; 

clofibric acid – an anticholesteremic agent; carvedilol – a drug used un hypertension 

treatment; or deferasirox – a drug used to reduce iron overload.85-90 The effective 

release of the drugs to aqueous releasing media has also prompted an in vitro 

investigation of (PAMAM-grafted materials)-drug cytotoxicity towards several 

cancer cells lines. For instance, nanoSiO2-PAMAM-anthocyanin showed satisfactory 

apoptotic activity towards Nauro-2A brain neuroblastoma cell lines, mesoporous 

silica-PAMAM-doxorubicin towards UMUC3 human urothelial carcinoma cell lines, 

or Fe3O4-citric acid-PAMAM-curcumin towards MCF-7 human breast 

adenocarcinoma.91-93 Biomedical application of the mentioned hybrid materials is 

not limited to the delivery of synthetic or naturally-derived pharmaceuticals,  
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but also may be connected with their implementation in gene therapy – the transfer 

of cargo nucleic acid (various types of RNA or DNA) through cell membranes.94-98 

Deferoxamine as a functionalizing organic domain 

Deferoxamine, also known as desferrioxamine or DFO, is a trihydroxamic acid, 

which was discovered as a metabolite of the soil bacterium Streptomyces pilosus  

in the late 1950s.99 Almost 40 years later, in 1988, Bergeron and Pegram presented 

the very first and relatively efficient multi-step synthesis of DFO.100 A presence of 

three hydroxamic acid domains strictly determines its chelating properties 

especially towards trivalent metal cations (Figure 3). Among all metal cations, 

deferoxamine-Fe(III) complex shows the highest stability constant, reaching logβ 

values of 30.6 and 41.6 for [ML] and [MHL]+ (M – the metal ions, Fe(III);  

L – the ligand, deferoxamine) complexes, respectively,101 which contributed to its 

clinical application in the treatment of chronic or sudden iron overload.102  

Pure deferoxamine has also been proved for beneficial effects in the treatment of 

various hepatic diseases, neurodegenerative disorders triggered by iron 

dysregulations, and for inhibition of K562 leukemia cells’ viability.103-106  

 

Figure 3. The formation of deferoxamine complex with Fe(III) ion. 

Although deferoxamine is not the most extensively applied surface 

functionalizing agent, there are several examples of DFO-grafted platforms 

investigated for the detection and/or quantification of trivalent cations.  

For instance, materials based on silver nanoparticles were successfully applied  

for sensing of Fe(III) ions using surface-enhanced Raman scattering (SERS) 

method107-108 or silica chips modified with DFO were used for quantification of  

the picomolar concentration of ferric ions in subarctic Pacific seawater samples 

using IR spectroscopy.109 Other materials based on silica, agarose beads, carbon 
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material, or common filtration paper were also investigated for sorptive properties 

towards various metal cations, including Fe(III), Cr(VI), V(V), or Cu(II).110-113  

Also, such materials may be applied for chelation of 89Zr isotope, making them 

bifunctional systems for simultaneous drug delivery and positron emission 

tomography (PET) imagining.114,115  

Applications of hybrid materials in chemical analysis 

Among the most demanded application fields of hybrid materials are analytical 

chemistry, environmental protection, and biomedicine. These application directions 

can be fulfilled by the implementation of systems containing the two above-

described types of organic functionalizing domains – PAMAM dendrimers and 

deferoxamine. Namely, the materials containing surface poly(amidoamine) 

dendritic supramolecular receptor might be applied as either (i) pre-concentration 

systems allowing for quantitative or qualitative analysis of non-detectable trace 

amounts of analytes; (ii) efficient materials for remediation of chemicals exhibiting 

human toxicity; (iii) platforms for directed and controlled transport of therapeutics, 

drugs, and nucleic acids, also often enriched with ability of imagining using magnetic 

resonance imagining (MRI); (iv) solids applied in solid-phase extraction (SPE) for 

separation or purification step; or (v) deposits for size-exclusion chromatography 

(SEC). Furthermore, the materials containing a specific chelating domain of 

deferoxamine also meet the applicability criteria by high affinity to metal cations, 

especially Fe(III), which leads to their use as efficient metal sensors, scavengers 

dedicated to toxic metal ions pollution, or biocompatible materials enabling 

simultaneous targeted biodistribution and visualization by their complexation with 

specific isotopes.   
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2 
Purpose and goals 

 
The contemporary world demands the implementation of efficient methods  

for environmental protection. The most threatening pollutants of industrial  

as well as environmental waters are toxic metal ions, which may cause several 

diseases or organism’s dysfunctions after long-term accumulation in tissues,  

and synthetic organic dyes, exhibiting significant human toxicity and  

non-biodegradability. Another highly important issue is connected with the creation 

of materials suitable for the effective delivery of therapeutics or the ones finding 

biomedical applications in the treatment of sudden or chronic diseases.  

Accordingly, the main aim of the following dissertation was to investigate  

the efficiency of the proposed PAMAM- and deferoxamine-grafted hybrid materials 

in both mentioned analytical directions – remediation of toxic compounds and 

delivery of bioactive molecules. Since the studied materials contained different 

supports and grafting agents, the undertaken scientific problems also answered  

the question: how do the support and the grafting agent influence the effectiveness  

and applicability of hybrid materials?  

The choice of poly(amidoamine) dendrimers as molecular receptors was 

driven by its interaction versatility, i.e. ability of simultaneous metal ions chelation, 

formation of hydrogen bonds, and electrostatic interactions. Therefore,  

the materials based on silica and poly(methyl vinyl ether-alt-maleic anhydride) 

(PMVEAMA) grafted with the dendrimers containing different terminal amine 

components, were studied for their sorptive properties towards toxic metal cations 

and organic dyes, which are presented in appended articles A1, A2, and A4. 

Moreover, the highly basic character of the introduced receptors was also a reason 

for an investigation of the ability of the materials to transport model acidic drugs, 

which is presented in articles A3 and A4. It is also important to highlight, that  

the undertaken research problems involved an investigation of the applicability of 

the materials functionalized with the pre-synthesized supramolecular compounds, 
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using ‘grating to’ methodology, which allowed for the retaining of the fully-dendritic 

structure of the surface receptors. 

The second type of the chosen grafting agents was deferoxamine, which is 

reported as a siderophore – an agent exhibiting extremely high chelating properties 

towards Fe(III) ions and moderate effectiveness towards other trivalent metal 

cations. The choice of such chelating domain was directly driven by a lack of 

reported deferoxamine-modified efficient Fe-sorbents in the literature. Therefore, 

 I have focused my studies on the immobilization of deferoxamine residue on three 

different supports: pre-synthesized magnetite nanoparticles, amorphous silica 

particles, and PMVEAMA, and the description of their binding effectiveness towards 

Fe(III) ions, which was presented in article A5. Moreover, the presented research 

problems refer also to an investigation of factors influencing the sorption efficiency.  

The presented doctoral dissertation is based on the following scientific articles:  

Appendix A1  M. Pawlaczyk, G. Schroeder, Adsorption studies of Cu(II) ions on dendrimer-

grafted silica-based materials, Journal of Molecular Liquids 281 (2019),  

176-185; IF = 6.165; MNiSW = 100; DOI: 10.1016/j.molliq.2019.02.043 

Appendix A2  M. Pawlaczyk, G. Schroeder, Efficient Removal of Ni(II) and Co(II) Ions from 

Aqueous Solutions Using Silica-based Hybrid Materials Functionalized with 

PAMAM Dendrimers, Solvent Extraction and Ion Exchange 38(5) (2020),  

496-521; IF = 2.513; MNiSW = 70; DOI: 10.1080/07366299.2020.1766742 

Appendix A3 M. Pawlaczyk, G. Schroeder, Dendrimer-Functionalized Hybrid Materials 

Based on Silica as Novel Carriers of Bioactive Acids, Molecules 25(11) (2020), 

2660-2680; IF = 4.411; MNiSW = 100; DOI: 10.3390/molecules25112660 

Appendix A4  M. Pawlaczyk, G. Schroeder, Dual-Polymeric Resin Based on Poly(methyl vinyl 

ether-alt-maleic anhydride) and PAMAM Dendrimer as a Versatile 

Supramolecular Adsorbent, ACS Applied Polymer Materials 3(2) (2021),  

956-967; IF = 4.089; MNiSW = 20; DOI: 10.1021/acsapm.0c01254 

Appendix A5 M. Pawlaczyk, G. Schroeder, Deferoxamine-Modified Hybrid Materials for 

Direct Chelation of Fe(III) Ions from Aqueous Solutions and Indication of  

the Competitiveness of In Vitro Complexing toward a Biological System,  

ACS Omega 6(23) (2021), 15168-15181; IF = 3.512; MNiSW = 70;  

DOI: 10.1021/acsomega.1c01411 
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3 
Discussion of the research 

 

Silica-based materials functionalized with different 

poly(amidoamine) dendrimers 

The chelating properties of poly(amidoamine) dendrimers led to the design 

and synthesis of four dendrimers containing ethylenediamine (EDA),  

tris(2-aminoethyl)amine (TREN), triethylenetetramine (TETA), or 4,7,10-trioxa-

1,13-tridecanediamine (TRI-OXA) as terminal amine components, their 

immobilization on commercially available silica microparticles functionalized with 

isocyanate groups, and the final application of the obtained hybrid materials as 

adsorbents dedicated to Cu(II) ions. The described studies are presented in article 

A1, entitled “Adsorption studies of Cu(II) ions on dendrimer-grafted silica-based 

materials”. The designed dendrimers were synthesized following the divergent 

approach, which was based on branching of the amine core (TREN) with methyl 

acrylate, and subsequent amidation of polyester intermediate with four chosen 

structurally different amines. The products were characterized with 1H- and  

13C-NMR spectroscopy, and MS analysis performed in electrospray ionization mode 

(ESI-MS), which showed several dendrimers’ fragmentation ions, which is related to 

the polyamide character of the products.116 The synthetic strategy for the obtaining 

of the designed dendrimers is illustrated in Figure 1 in A1, while the structures of 

the final dendrimers, hereinafter labelled as EDA, TREN, TETA, and TRI-OXA, 

according to the terminal amine used, are illustrated in Figure 4.  
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Figure 4. The structures of the synthesized poly(amidoamine) (PAMAM) 

dendrimers with four different amino-terminal components; red – amine groups. 

The calculated grafting performance of EDA, TREN, TETA, and TRI-OXA 

dendrimers were 0.310, 0.155, 0.152, and 0.078 mmol g−1, respectively, indicating 

an influence of the length and structural features of the terminal amine used on  

the immobilization efficiency. The highest grafting value was achieved for  

EDA dendrimer, which contained the shortest amine, resulting in the most compact 

character of the receptor, in contrary to TRI-OXA dendrimer with the lowest grafting 

level, containing the longest linear amine. An additional factor, which limits,  

and thus determines the dendrimers’ grafting level is the fixed loading of surface 

reactive groups (isocyanate domains) on the surface of the commercial silica 

particles, which equaled 1.33 mmol g−1. However, the relatively low values of 

PAMAM grafting efficiency give multiple times higher values of the introduced 

amine and amide groups. The FT-IR-characterized materials were subsequently 

studied for adsorptive properties towards Cu(II), which included performing 
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initially adsorption isotherms. The amounts of the ions adsorbed from a series of 

Cu(II) solutions of different concentrations, prepared in a buffer solution of pH 5.4, 

at adsorption equilibria allowed for the calculation of several adsorption 

parameters and assessment of the isothermal model of the adsorption processes. 

For all the materials, the adsorption followed the Langmuir model, which is 

consistent with its assumption, that an adsorbate forms a monolayer on the surface 

of a material. The maximal adsorption capacities of the materials (qm) were 

calculated, ranging between 19.8 and 104.6 mg g−1, with the highest value for  

the material grafted with EDA dendrimer. This is related to the highest loading of 

the chelating receptor on the surface of the material. On the other hand, the lowest 

adsorptive performance was ascribed for material containing TRI-OXA dendrimer, 

while moderately satisfactory, but comparable, sorptive capacities of 62.9 and  

70.6 mg g−1 were calculated for the materials containing TREN and TETA 

dendrimers, respectively. Furthermore, kinetic and thermodynamic studies of 

Cu(II) ions adsorption on all the materials were performed. They resulted in several 

kinetic parameters presented in Table 4 and Table 5 in A1, such as adsorption rate 

constants and the time needed for the half-adsorption (t1/2). Moreover,  

the adsorption experiments conducted at three different temperatures allowed for 

a calculation of several thermodynamic parameters such as adsorption enthalpy, 

entropy, and free Gibb’s energy, which values are collected in Table 6 in A1.  

The calculated positive values of the enthalpy of the described processes indicated 

that the adsorption of Cu(II) ions on the PAMAM-grafted hybrid materials is  

an endothermic process, and thus intensifies with the temperature increase. 

Furthermore, the materials containing surface PAMAM dendrimer residues 

were tested for the adsorption of other d-block metal cations. The article A2, entitled 

“Efficient Removal of Ni(II) and Co(II) Ions from Aqueous Solutions Using Silica-based 

Hybrid Materials Functionalized with PAMAM Dendrimers” focuses on  

the description of the efficiency of the materials in the binding of toxic Ni(II) and 

Co(II) ions from their aqueous samples. The initial stage of the comprehensive 

studies aimed at the choice of the aqueous environment, in which the adsorption of 

the ions is the most effective. The conducted experiments aiming at the indication 

of the adsorption capacity pH-dependence, presented as Figure 3 in A2, showed that 

the sorption efficiency is significantly reduced in highly acidic conditions (pH < 4). 
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Such an observation is connected with the increased protonation of the terminal and 

internal amine and amide groups of PAMAM dendrimer, which causes increased 

repulsion between chelating receptor and cationic species. The highest adsorption 

effectiveness was observed for AcOH/AcONa buffer of pH 5.4, which therefore was 

chosen as a standard solvent for Ni(II) and Co(II) salts. All the materials 

functionalized with four structurally different poly(amidoamine) dendrimers were 

further studied, including isothermal, kinetic, and thermodynamic experiments.  

The first, which were performed in order to describe the binding potential of  

the materials at the adsorption equilibrium, showed again that the ions’ adsorption 

follows the Langmuir model, on which basis the values of qm were calculated.  

The highest adsorption capacity values were calculated for the materials containing 

EDA and TRI-OXA pendant dendritic residues, reaching Ni(II) ions capacity of 93.6 

and 116.6 mg g−1, and Co(II) ions capacity of 99.1 and 101.1 mg g−1, respectively.  

The higher sorption potential of TRI-OXA-functionalized material towards  

Ni(II) and Co(II) ions than Cu(II) ions might be connected with slightly larger ionic 

radii of these two cations, in relation to previously studied Cu(II) ions, resulting in 

easier tethering within large cavities of the dendritic receptor. Furthermore,  

the kinetics of the ions adsorption process was investigated, of which parameters 

are collected in Table 3 in A2. The calculated values are the amount of time needed 

for the adsorption of half of the maximal capacity of the sorbents t1/2 ranged 

between 2.12 and 3.89 h for adsorption of Ni(II) ions and between 2.81 and 5.35 h 

for Co(II) ions, proving the effectiveness of the materials. Moreover, on the basis of 

the adsorption studies conducted at three different temperatures,  

the thermodynamic coefficients have been calculated. The calculated positive values 

of ΔH indicate the endoenergeticity of the adsorption processes and the positive 

values of ΔS show that a driving force of the adsorption is increased randomness at 

the material-solution interface connected with solvation effects. Moreover,  

the decreasing ΔG values with the temperature increase, indicate the thermal 

intensification of the adsorption of the cations. All the above-described experiments 

were conducted in the samples containing only one ionic type, which aimed at  

the description of the effectiveness of the materials towards the particular metal 

cation. However, to fully characterized the sorptive potential of the PAMAM-grafted 

silicas, the selectivity studies using a binary system containing both Ni(II) and Co(II) 
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ions were performed. The selectivity was monitored using two analytical 

techniques: UV-Vis spectroscopy and X-Ray fluorescence spectroscopy (XRF).  

Table 5 in A2 presents a comparison of 𝛼𝐶𝑜
𝑁𝑖 separation factors calculated for  

the obtained materials using the first analytical technique, and the percentages of 

nickel and cobalt ions adsorbed from their mixture. The different affinity of Ni(II) 

and Co(II) ions to PAMAM-grafted materials is primarily related to the slight 

differences between their hydrated radii.117 Moreover, since the pendant dendritic 

residues are highly basic, the difference in the electronegativity of both cations 

might also lead to the adsorption selectiveness. Taking these two factors into 

account, the adsorption process should be directed towards more electronegative 

nickel ions, described with a smaller hydrated radius. Indeed, the obtained silica-

based materials grafted with different poly(amidoamine) dendrimers were 

described with separation factors higher than 1, ranging between 1.05 and 3.19, and 

thus showing the higher selectivity towards Ni(II) ions. Nevertheless, the highest 

Ni/Co selectivity coefficients are demonstrated for the materials containing TREN 

and TETA dendritic types, which might be explained by the more branched 

character of these dendrimers, in relation to EDA and TRI-OXA domains. Therefore, 

the competitive diffusion of both cations is related to the steric hindrance, hindering 

the diffusion of “bigger” Co(II) ions into the interior of the dendrimers in comparison 

to Ni(II) ions. Nevertheless, all the materials exhibit satisfactory binding efficiency 

towards d-block metal cations, which depends on the structure of the used dendritic 

grafting agent.  

The proven adsorptive efficiency of the PAMAM-grafted materials towards 

metal cations has contributed to a further exploration of the binding properties of 

the materials towards acidic molecules exhibiting bioactivity. Article A3, which is 

entitled “Dendrimer-Functionalized Hybrid Materials Based on Silica as Novel 

Carriers of Bioactive Acids” presents an investigation of binding and further in vitro 

release of the chosen acidic biomolecules by the dendrimer-grafted silica materials. 

A series of four hybrid materials were obtained by the incorporation of previously 

presented four poly(amidoamine) dendrimers (EDA, TREN, TETA, and TRI-OXA)  

to the surface of commercially available silica particles functionalized with 

glycidoxy linker. The grafting of PAMAM domains followed the epoxide ring-opening 

triggered by the nucleophilic attack of the dendrimer terminal amine group, leading 
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to silica-PAMAM materials. Since the nucleophile-sensitive glycidoxy group was 

chosen as a functionalizable linker, the reactions must have been carried out in  

non-nucleophilic solvent able of PAMAM dendrimers solubilization, which was DMF. 

The successful introduction of dendritic domains on the support surface was proved 

by FT-IR spectroscopy by the appearance of new signals corresponding to  

the stretching of amide N-H and C=O groups. Moreover, the materials were further 

characterized with scanning electron microscopy (SEM), thermogravimetric (TG) 

analysis, showing the 10 to 16% samples mass loss connected with  

the decomposition of organic residue, and elemental analysis, which allowed for  

the calculation of the PAMAM loading ranging between 0.054 and 0.113 mmol g−1. 

The grafting efficiencies of the dendrimer onto silica particles containing glycidoxy 

linker were lower than those calculated for the materials functionalized through 

isocyanate group, which is connected with the higher affinity and sensitivity of 

−N=C=O groups towards an attack of nucleophiles. The assumed potential of 

PAMAM-grafted materials of interacting with acidic components was initially 

proved by the performed ESI-MS analyses of the mixtures of exemplary TREN 

dendrimer with three chosen acidic biomolecules: salicylic acid (NSAID), nicotinic 

acid (vitamin B3), and folic acid (vitamin B9), which are presented in Figure S3 

(Supplementary Information; article A3). Additionally, folic acid is a close analog of 

methotrexate, a broadly used anticancer drug, therefore a description of its affinity 

towards potential drug carriers relates to the sorptive behavior of a real chemo-

therapeutic. The spectra of the mixtures of TREN dendrimer with monocarboxylic 

salicylic or nicotinic acid showed only mono-positive or mono-negative signals in 

the corresponding spectra, which are related to the transfer of a single proton from 

the acidic molecule to the dendrimer. On the other hand, the spectrum of the mixture 

of TREN dendrimer with dicarboxylic folic acid showed predominantly di-positive 

and di-negative signals in their spectra, proving the transfer of two protons from 

folic acid to the dendrimer. Such an observation indicates that PAMAM dendrimers 

are able to create an ionic pair with various acidic drugs, forming stable  

PAMAM-drug complexes, which might be successfully applied to other therapeutics 

containing acidic domains. Furthermore, PAMAM dendrimers immobilized on  

the surface of supports retain their chemical properties, and thus, the obtained 

silica-based hybrid materials were subsequently studied for adsorption efficiency 
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towards the chosen three acidic bioactive compounds. The isothermal parameters 

presented in Table 1 in A3 show that the adsorption of the drug follows  

the Freundlich isothermal model, proved by the comparison of correlation 

coefficients (R2 and χ2), which are consistent with the ability of the drugs to form 

intermolecular interactions, especially through π-π stacking, enhancing  

the formation of an adsorbate polylayer on the surface of the materials. Nonetheless, 

the moderate linear fit to the Langmuir model led to the calculation of adsorption 

capacities qm values, which allowed for the presentation of the efficiency of  

the drugs’ adsorption (from the highest to the lowest) in the following series:  

folic acid > salicylic acid > nicotinic acid. The ability for the binding relies on their 

specific structural features and might be enhanced or decreased by the interactions 

with basic domains of the dendrimers. In general, the highest affinity towards  

the PAMAM-grafted materials was ascribed for folic acid, which is a consequence of 

the presence of two carboxylic groups supporting the interactions with  

the supramolecular receptors on the surface of the materials, and strongly expanded 

backbone affording intermolecular interactions. The values of maximal adsorption 

capacities qm of folic acid calculated for all the hybrid materials were high and varied 

between 202.43 and 274.72 mg g−1. Although, salicylic and nicotinic acid are 

relatively small molecules, which might be trapped within dendritic cavities,  

the presence of only a single −COOH group results in a lower affinity towards  

the supramolecular receptors, which is proved by significantly lower adsorption 

capacities. The reason for the higher adsorption performance of salicylic acid than 

of nicotinic acid can be found in the formation of hydrogen bonds between hydroxyl 

group present in the molecule and PAMAM residue. When it comes to a description 

of the influence of the surface dendritic structure on the adsorptive properties,  

the most determining factor is the grafting efficiency. The highest values of maximal 

adsorption capacities were calculated for the material containing EDA surface 

dendrimer, leading to the values of 274.71, 157.48, and 20.11 mg g−1 for folic, 

salicylic, and nicotinic acid, respectively. The presence of TREN dendrimer 

increased the adsorptive properties of the material, while the most branched TETA 

dendrimer and the longest TRI-OXA dendrimer decreased the adsorption of  

the drugs. The studied hybrid materials were also subjected to the thermodynamic 

studies of the drugs’ adsorption, conducted at 301, 313, and 328 K. On the basis of 
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sorption performance at equilibria, thermodynamic parameters were calculated, 

which are presented in Table 2 in A3. Since the investigated interactions between 

the PAMAM-functionalized materials and the acidic biomolecules are based on  

the electrostatic interactions, the values of standard enthalpy ΔH are slightly 

positive, especially for the experiments involving folic acid with two exhalable 

protons. Moreover, the calculated Gibbs’ free energy ΔG values, which are in good 

relation to the adsorption efficiency, decrease with the temperature increase, 

indicating that the temperature is an adsorption-enhancing factor. The last step of 

the described studies, referring to the article title, aimed at the monitoring of  

the release of the drugs from material-drug complexes. In vitro studies involved 

incubation of the materials with adsorbed drug molecules in three different aqueous 

media: HCl/KCl buffer of pH 2.0, AcOH/AcONa buffer of pH 5.4, and phosphate-

buffered saline (PBS) of pH 7.4. The choice of such different releasing solutions was 

driven by their pH values referring to the conditions of gastric juice, skin, and 

plasma/saliva, respectively. The release profiles (cumulative drug release vs. time) 

presented in Figure 6 in A3 highlight several factors influencing the transport of  

the drugs, for example, the release conditions or the structure of the drug.  

The structural features of the drugs, such as a number of carboxylic groups and  

the presence of hydrogen bond donors or acceptors affect the non-covalent 

stabilization of PAMAM-drug complex. Furthermore, the possibility of 

intermolecular interactions of the drug molecules through e.g. π−π stacking leads to 

the formation of a polylayer of the adsorbate, which facilitates the release of  

the “outer” layer of the drug to a releasing solution. Moreover, since the formed 

material-drug complexes are mostly stabilized by electrostatic interactions,  

pH of the releasing medium is of the greatest importance. As it is visualized in  

the release profiles, the most acidic environment (pH 2.0) leads to the highest 

release percentages, which is related to the extensive disruption of electrostatic 

interactions between the surface of the cationized PAMAM dendrimer and anionized 

drug residue. In these conditions, the overall percentages of the drugs released 

varied between 37.22 and 99.83%. On the contrary, release experiments handled in 

PBS buffer of pH 7.4 were much less efficient, reaching the release percentages 

between 5.45 and 49.28%. In this case, a key role might be ascribed to  

the desorption of molecules from an external surface of the polylayer of the drug 
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bound to the materials. Moreover, when comparing the release profiles of particular 

drugs, it may be concluded that folic acid has the lowest desorption affinity,  

as a result of the H-bonds formation. Accordingly, values of folic acid maximal 

release at pH 2.0 were the lowest and varied between 35.42 to 54.90%. On the other 

hand, salicylic and nicotinic acids were much weaker stabilized than folic acid,  

as their release from materials containing EDA and TREN dendrimers ranged even 

between 86.88 and 99.83% in pH 2.0. Moreover, the release of the drugs from  

the material-drug complexes may be affected by the supramolecular inclusion of 

“small” molecules of the drugs within the dendritic cavities. Such entrapment was 

described for the materials grafted with TETA and TRI-OXA dendrimers, containing 

structurally wide and easily accessible internal cavities, resulting in the lower drug 

release percentages of nicotinic and salicylic acid. Thus, the presented materials 

were successfully applied for the binding of the chosen model bioactive molecules, 

and their further release in different aqueous pseudophysiological media, indicating 

their potential application as drug-transporting systems. 

The dual-polymeric material based on the synthetic polymer 

modified with the PAMAM dendrimer 

The confirmed enhanced binding properties of silica-based materials functionalized 

with PAMAM receptors towards toxic metal ions and acidic bioactive compounds 

have triggered the implementation of the dendrimer to a synthetic alternative 

copolymer of methyl vinyl ether and maleic anhydride (poly(methyl vinyl ether-alt-

maleic anhydride); PMVEAMA). The incorporation of a dendrimer to the polymeric 

support led to the creation of a dual-polymeric material, which was intended to 

exhibit versatile sorptive properties. Therefore, the adsorption effectiveness was 

studied using acidic bioactive molecules (salicylic, nicotinic, and folic acid),  

toxic anionic dyes (Congo Red and Sunset Yellow FCF), and riboflavin, which can be 

classified as both biomolecule and organic dye. The results of the performed studies 

are presented in article A4, entitled “Dual-Polymeric Resin Based on Poly(methyl 

vinyl ether-alt-maleic anhydride) and PAMAM Dendrimer as a Versatile 

Supramolecular Adsorbent”. The study began with the synthesis of a new PAMAM 

dendrimer containing diethylenetriamine as both core and terminal amine 

component (hereinafter labeled as DETA) and was followed by the synthesis of  
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the demanded dual-polymeric material, according to the scheme presented in 

Figure 5. 

 

Figure 5. The synthetic protocol for obtaining the dual-polymeric material; m and n 

relate to the amount of modified and unmodified anhydride domains, respectively; 

red – amine groups. 

Although a maleic anhydride ring opens under the nucleophilic attack of  

a single free amine group, the presence of multiple terminal −NH2 groups in DETA 

dendrimer influenced the formation of cross-linking product, i.e. interconnected 

subsequent polymeric chains with polyamine agent. Such a phenomenon has been 

already implemented in several studies aiming at the creation of porous materials 

for analytical and biomedical applications.118,119 However, even if the cross-linking 

process takes place, the final material is not supposed to lose its binding ability,  

due to the presence of multiple unaltered free amine groups.  

The obtained material precipitated with Et2O was characterized with several 

techniques, involving FT-IR spectroscopy, SEM imagining, TG measurements, which 

proved the formation of a cross-linking product by the appearance of a single 

oxidation step in the TG curve, and elemental analysis, allowing the calculation  

of the grafting level of 0.702 mmol g−1. The grafting value was consistent with  

the value calculated on the basis of an acidimetric titration of the material, which 

was 0.687 mmol g−1. A significantly enhanced functionalization level of PMVEAMA 

with the dendrimer, in a relation to the grafting of silica particles with PAMAM 



41 
 

dendrimers described in articles A1-A3, is attributed to unlimited access to reactive 

anhydride domains across the whole length of polymeric chains. The sorptive 

effectiveness of the dual-polymeric material was investigated with various sorption 

experiments, which were started with adsorption isothermal studies.  

The adsorption of all the analytes followed the Freundlich isothermal model since 

the nature of the chosen adsorbates allows for their intermolecular interactions 

through π-π stacking or hydrogen bonds. The calculated maximal adsorption 

capacity values reached 310.6 and 367.7 mg g−1 for Sunset Yellow FCF and Congo 

Red dyes, and 304.9, 134.2, and 91.6 mg g−1 for folic, salicylic, and nicotinic acid, 

respectively. The lowest sorption affinity was described for riboflavin  

(qm = 26.5 mg g−1), which was driven by the lack of carboxylic domains in its 

structure, responsible for the strong binding to the host molecule. Additionally,  

the influence of the temperature on the equilibrium state of the analytes’ adsorption 

on PMVEAMA-DETA has been determined. The thermodynamic parameters, which 

are collected in Table 2 in A4 show that the adsorption of acidic drugs is an 

exothermic process, while the adsorption of anionic dyes or neutral riboflavin 

exhibits endothermal character. Since the described adsorption processes are 

spontaneous (ΔG < 0), the thermal effects of the process are related to the driving 

forces of the binding processes. In the case of the adsorption of the anionic dyes,  

the binding process is based on non-covalent ion-dipole interactions or hydrogen 

bonding, and therefore the process is controlled by solvation effects. It results in  

the high value of the entropy of the process – indicating that it is driven by increased 

randomness at the solid-liquid interface – and thus the value of the enthalpy is 

elevated, which contributes to the endothermal effect of the process. On the other 

hand, the binding of acidic dyes on the surface of the PAMAM-grafted material is 

afforded by a proton exchange between the analyte and the material,  

in the formation of a new bond. Such processes are not controlled by solvation 

effects (low ΔS values), and thus the spontaneity of the process is afforded by very 

low or negative ΔH. In the described adsorption of folic, salicylic, and nicotinic acid, 

ΔH values range between -5.5 and -3.3 kJ mol−1, indicating the slightly exothermic 

character of the process. Nevertheless, the adsorption of all the analytes was 

described as positively influenced by the temperature increase. Up to this point,  

the performed isothermal and thermodynamic studies involved the application of 
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all the chosen analytes, in order to fully characterize the material affinity towards 

the biomolecules and the organic dyes. However, the studies intended to exhibit 

PMVEAMA-DETA applicability as either a reusable scavenger of organic dyes or  

a platform for the transport of drugs, and thus the further studies were divided into 

two corresponding sections.  

Firstly, the kinetic and reusability experiments dedicated to Congo Red, Sunset 

Yellow FCF, and riboflavin were performed. The most informative parameter 

describing the intensity and rate of the adsorption of the dyes is the half-adsorption 

time t1/2, which values are presented in Table S4 (Supplementary Information; 

article A4). Extremely low values calculated for Congo Red and Sunset Yellow FCF 

of 0.02 and 0.19 h, respectively, proved the high affinity of the dyes towards PAMAM 

pendant residue of the material, which is related to two carboxylate domains in their 

structure stabilizing the attractive interactions material-dye. A lower half-

adsorption time of 1.83 h was described for riboflavin, which is connected with  

the stabilization of the material-riboflavin complex only through hydrogen bonds. 

Moreover, the synthesized dual-polymeric material has been also subjected to 

reusability tests involving 5 cycles of adsorption/desorption processes towards  

the dyes, using a solution of HCl – a strong acid – as a desorbing agent. After  

the successful first adsorption step, in which the binding percentages ranged 

between 65.23 and 85.72%, the material treated with the acidic desorbing medium 

exhibited increased adsorption efficiency towards the dyes by approximately 10%. 

Such phenomenon is explainable by two facts: (i) the protonation of free terminal 

−NH2 groups of DETA dendrimer, which results in intensified attractive interactions 

with anionic dyes; and (ii) the acidic hydrolysis of maleic anhydride rings, which had 

not been modified during the functionalization process, resulting in the appearance 

of additional hydrogen bond donors and acceptors (−COOH groups). The further 

adsorption/desorption cycles led to a slight decrease of the adsorption capability of 

the material, by 2.64, 4.91, and 9.49% for Congo Red, Sunset Yellow FCF,  

and riboflavin, respectively. The presented results undoubtedly prove the efficiency 

and reusability of PMVEAMA-DETA for the scavenging of toxic organic dyes.  

On the other hand, the effectiveness of the materials as a potential drug-

transporting system was investigated with the use of four model bioactive acids 
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(salicylic, nicotinic, and folic acid) and riboflavin, which play a role of vitamin B2 in 

human organisms. The drug-loaded samples of the dual-polymeric material were 

incubated in three different aqueous media, which intended to mimic the conditions 

of physiological fluids, i.e. buffer solutions of pH 2.4, 5.4, and 7.4 (Figure 7, article 

A4). The highest drugs release percentages were established for the most acidic 

release medium of pH 2.4, ranging between 43.19 and 94.90%, which is consistent 

with the analogous drug release studies presented in the previous article A3.  

The release performance can be presented in the following series: salicylic acid > 

nicotinic acid > riboflavin > folic acid, which is directly related to the intensity and 

the type of interactions stabilizing the complexes of the material with  

the biocompounds. Nevertheless, the cumulative drug release described for less 

acidic conditions also led to satisfactory results, which jointly with  

the cytocompatibility of the polymer used, reported in the literature, indicate  

the usefulness of the dual-polymeric material as a drug transporting platform.  

The hybrid materials functionalized with Fe-chelating domain – 

deferoxamine 

The above-presented PAMAM dendrimers exhibit universal chelating properties 

towards metal cations, which were connected with the presence of unspecific amide 

and amine groups. However, several organic receptors present binding affinity 

directed towards a group of ions of a particular valence, which are usually 

determined by a number of donor groups of ligands. Among such organic 

compounds, deferoxamine (DFO) can be described as a specific chelator of Fe(III) 

ions, which is related to its classification as a trihydroxamic acid (containing  

3 −C(O)−N−OH structural motifs). Therefore, immobilization of DFO on a surface of 

either inorganic support or polymeric chains might result in high-performance 

adsorptive materials dedicated to ferric ions. Such an attempt is presented in article 

A5, entitled “Deferoxamine-Modified Hybrid Materials for Direct Chelation of Fe(III) 

Ions from Aqueous Solutions and Indication of the Competitiveness of In Vitro 

Complexing toward a Biological System”, which presents an investigation of  

the adsorptive potential of DFO-functionalized materials based on SiO2, magnetic 

Fe3O4 nanoparticles, and PMVEAMA. The studies involved the preparation of five 

materials, which included DFO-grafting on commercially available silica through 
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isocyanate or maleimide linker, on pre-synthesized magnetite nanoparticles 

functionalized with isocyanate- or maleimide-silyl linker, and on poly(methyl vinyl 

ether-alt-maleic anhydride) through the anhydride domain. Accordingly,  

the materials are hereinafter labeled as SiO2-NCO-DFO, SiO2-maleimide-DFO,  

Fe3O4-NCO-DFO, Fe3O4-maleimide-DFO, and PMVEAMA-DFO, respectively, which 

structures are presented in Figure 6, while the protocols of their synthesis are 

illustrated in Figure S1 (Supplementary Information, article A5). It should be also 

indicated that silica particles and the polymer were directly functionalized with  

the receptor, while Fe3O4 nanoparticles were encapsulated with a silica layer 

following the Stöber method120 prior to further functionalization with isocyanate- 

or maleimide-silyl derivative and deferoxamine, in order to enhance the stability of 

the materials, protect magnetite core, and avoid leaching of the iron ions.121 

Moreover, the introduced silica layer allows for easy functionalization of  

the obtained Fe3O4/SiO2 system. 

 

Figure 6. The structures of the synthesized deferoxamine-functionalized 

adsorbents; m and n in material PMVEAMA-DFO correspond to modified and 

unaltered anhydride domains, respectively. 

The obtained hybrid materials were characterized with several techniques, 

including FT-IR spectroscopy, thermogravimetric measurements, elemental 

analysis, SEM imagining, and XRD analysis dedicated only to magnetite-cored 
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materials. The Fe-binding potential of the presented materials was investigated with 

four basic adsorption studies. An optimal binding pH value was specified from  

the pH range of 1 to 5, using buffer solutions and distilled water as solvents.  

The highest adsorption performance was described for the solution of pH 2.45, 

which corresponds to the solution of pure Fe(III) ions in distilled water, and thus 

further adsorptive experiments were handled in the given conditions.  

The subsequently performed isothermal studies proved that the adsorption of ferric 

ions on the DFO-functionalized materials follows the Langmuir isotherm model.  

The fitting of experimental data to the isothermal model allowed for the calculation 

of several parameters describing the adsorbents’ efficiency towards Fe(III) ions.  

An especially informative qm parameter varied between 87.41 and 140.65 mg g−1, 

which shows the high effectiveness of the synthesized Fe-scavengers. Interestingly, 

both silica- and magnetite-based materials functionalized with DFO domain through 

maleimide linker exhibited higher qm values than these materials grafted through 

isocyanate linker. This phenomenon might be related to the possibility of ferric ions 

entrapment within maleimide cyclic domain, enhancing the final adsorptive 

properties of the materials. The chosen Fe-complexed materials containing silica 

particles and the polymer used as the supports were also subjected to the elemental 

mapping of iron in the samples using energy-dispersive X-ray scanning electron 

microscopy (EDX-SEM) (Fig 3 F-H, article A5), visualizing the amount and  

the intensity of Fe(III) adsorption, which is consistent with the ascribed materials 

adsorptive potential. In order to assess the rate of Fe(III) ions adsorption on  

the adsorbents, kinetic studies were employed. Accordingly, values of  

the half-adsorption time t1/2 were calculated, which varied between 4.98 and  

10.30 h, reaching the lowest values for PMVEAMA- and magnetite-based materials, 

which indicate their high effectiveness. Such a conclusion is also evidenced by  

the highest values of their initial adsorption rates ki. The adsorption studies included 

experiments at different temperatures in order to describe thermodynamic 

parameters, which are presented in Table 4 in article A5. The spontaneity of  

the described process (ΔG < 0) is mostly related to elevated values of the Fe-binding 

process entropy, which varied between 54.23 and 107.74 J mol−1 K−1, indicating that 

the adsorption of Fe(III) ions on the synthesized materials is driven by increased 

randomness at the solution-adsorbent interface, as a result of solvation effects.  
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The last part of the performed basic adsorption experiments involved incubation of 

SiO2-NCO-DFO and SiO2-maleimide-DFO materials in three different mixtures of 

Fe/Al, Fe/Cr, and Fe/Al/Cr systems, in order to assess the selectivity of the materials 

towards Fe(III) in the presence of other trivalent metal cations as coexisting ions. 

The selectivity was investigated by XRF studies of the material-ions complexes, 

which excluded the use of Fe3O4-based materials since this technique would present 

the Fe signal corresponding to a sum of ferric ions adsorbed on the material,  

and of the material itself. Nevertheless, the silica-based materials showed high 

selectivity, reaching 91.4-97.4 % adsorption of Fe(III) ions. The calculated low 

percentages of Cr(III) or Al(III) ions content in the material-ions complexes might 

be a result of their chelation by DFO domains remained free after their saturation 

by Fe(III) ions. The proven effectiveness of the materials has prompted the use of 

exemplary Fe3O4-NCO-DFO in the competitive binding of Fe(III) ions complexed 

protoporphyrin IX (PPIX), which intended to mimic the biological complex of hemin 

– an analogue of heme B, the constituent of oxygen-transporting hemoglobin.  

The study involved a preparation of PPIX-Fe(III) complex and observation of 

changes in its ESI-MS spectra after incubation with pure deferoxamine or  

Fe3O4-based functional material (Figure 8, article A5). The spectrum of a mixture  

of PPIX-Fe(III) and pure DFO already showed a full transfer of Fe(III) ions  

to deferoxamine domain, and thus high competitiveness, which is proved by  

the appearance of signals at m/z 563.5 and 585.5, corresponding to free PPIX and 

its sodium adduct, and the signals at m/z 561.5 and 614.4 related to free excessive 

DFO domain and its complex with Fe(III) ions, respectively. The suspected full 

transfer of ferric ions from PPIX complex to the material, after their 1-minute 

incubation, is evidenced by the presence of the most intense signal at m/z 614.4 

referring to [DFO-2H+Fe], and no signals corresponding to PPIX-Fe complex.  

It should be pointed out that this ESI-MS signal in the spectrum of the post-

experiment solute is caused by the nanosized character of the material and the short 

time of its separation, which triggered the access of the material into the ionization 

source, and thus the analysis of pendant DFO-receptor groups on the surface of  

the material. The same trend was observed for similar experiments held in different 

buffer solutions in pH range of 3 to 8, which proves the efficiency of the material 

towards in vitro competitive binding in various conditions.  
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4 
Summary of the research 

The following thesis entitles “Synthesis and application of functional hybrid and 

polymeric materials in chemical analysis” aimed at the use of various 

poly(amidoamine) dendrimers and deferoxamine as the grafting agents towards the 

chosen inorganic and polymeric supports, which were silica microparticles, 

magnetite nanoparticles, and poly(methyl vinyl ether-alt-maleic anhydride).  

The binding character of the organic receptors used has determined  

the applicability of the prepared materials as the scavengers dedicated to toxic 

compounds and as the platforms for drug delivery.  

Since the literature shows an implementation of various hybrid materials 

functionalized predominantly with EDA-containing dendrimers or PAMAM 

dendrons obtained using the ‘grafting to’ synthetic approach, the following thesis 

focused on the immobilization of fully-dendritic PAMAM domains containing 

structurally different terminal amine components: ethylenediamine,  

tris(2-aminoethyl)amine, diethylenetriamine, triethylenetetramine, or 4,7,10-

trioxa-1,13-tridecanediamine. The characterized PAMAM-grafted hybrid and 

polymeric materials were investigated for their adsorptive properties towards three 

groups of analytes: toxic metal ions (Cu(II), Ni(II), and Co(II) cations), organic dyes 

(Congo Red, Sunset Yellow FCF), and bioactive molecules (salicylic, nicotinic,  

and folic acid, and riboflavin). The main scientific problem aimed at  

the interpretation of an influence of the grafting agent used on the adsorptive 

potential of the materials, which was especially driven by the different structures 

and branching character of the immobilized PAMAM dendrimers.  

The investigation of the adsorptive potential of the silica-based materials 

grafted with PAMAM dendrimers towards Cu(II) ions was presented in article A1. 

The studies involved performing comprehensive adsorption studies, in order to fully 

characterize the binding features of the materials. Furthermore, article A2 focused 

on the investigation of the binding efficiency of the silica-based materials towards 

other toxic metal cations, which were Ni(II) and Co(II) ions, involving the direct 
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adsorption of the ions from single-component solutions and the selectivity studies 

using the two-component system. All of the conducted experiments led to  

the satisfactory results of the metal cations scavenging, reaching maximal 

adsorption capacity even of 116.6 mg g−1. The amine-rich character of  

the implemented PAMAM dendrimers has also led to the application of the silica-

PAMAM hybrid materials as drug-transporting platforms, which was presented  

in article A3. The studies aimed at the description of the adsorptive potential of  

the materials towards three model acidic bioactive molecules: folic, salicylic,  

and nicotinic acid. The obtained material-drug complexes were also subjected to  

in vitro release studies performed in different pseudophysiological aqueous media 

of different pH values. All the studies confirmed the influence of the structure of  

the terminal amine component of the dendrimer, and thus the dendrimer itself,  

on the sorptive properties of the hybrid materials. Therefore, the application 

potential of designed hybrid materials towards a particular analyte can be tuned by 

the structure of dendrimers, leading to functional materials of enhanced binding 

properties, higher selectiveness, or enhanced pro-longed drug delivery potential.  

The sorptive performance of materials containing a pendant PAMAM residue 

was also investigated for the dual-polymeric material consisting of the polymeric 

support of PMVEAMA and DETA-containing PAMAM dendrimer (PMVEAMA-DETA), 

which is presented in article A4. The sorbent was studied for the adsorption and 

reusability potential towards toxic organic dyes, and drug delivery potential.  

The studies resulted in highly satisfactory binding efficiency towards Congo Red, 

Sunset Yellow FCF, and riboflacin. Also, the material was described as reusable, 

which was evidenced by only a slight decrease in the binding performance even after 

5 cycles of adsorption/desorption of the dyes. Since the material contained  

the amine-rich PAMAM domain, it was tested for the delivery of model bioactive 

molecules: folic, salicylic, and nicotinic acid, and riboflavin. The release performance 

in biomimicking media was influenced by the structures of the drugs, which 

indicates a possibility of tuning of PAMAM-drug interactions extent by a change of  

the structure of the dendrimer. Nevertheless, the high values of cumulative drugs 

release, especially in acidic conditions, and the documented cytocompatibility and 

mucoadhesiveness of the polymeric support may lead to the implementation of drug 

delivery platforms for in vivo application. 
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The second kind of the chosen organic receptors was a trihydroxamic acid – 

deferoxamine – exhibiting chelating properties towards trivalent metal cations, 

especially Fe(III) ions. The organic domain was grafted on three different types of 

supports: silica particles, magnetic Fe3O4 nanoparticles, and the polymeric chains of 

PMVEAMA. The resulted hybrid and polymeric materials were accordingly tested 

for their ability of Fe(III) ions scavenging, which are described in article A5.  

The different values of adsorption capacity for all the synthesized hybrids were 

directly influenced by the types of the linkers used for the anchoring of 

deferoxamine, which determines the DFO-grafting level. Nevertheless, all of  

the materials exhibited satisfactory binding efficiency towards Fe(III) ions, which 

varied between 87.41 and 140.65 mg g−1. Moreover, the performed experiments 

showed the proper selectivity of the exemplary silica-based materials towards ferric 

ions in the presence of other trivalent coexisting ions. However, the choice of  

the support might influence not only the grafting level, but also other additional 

properties of the final material, which may facilitate their use in the analysis.  

For instance, the obtained magnetite-cored systems allowed for their easy 

separation using an external magnetic field, which allowed for the simplified 

examination of their competitive Fe-complexing ability using a biological complex 

of hemin. The exemplary Fe3O4-containing material exhibited fast and full in vitro 

transfer of ferric ions from the biological complex to the material. Such a result 

might influence in in vivo application of DFO-grafted materials containing nanosized, 

biocompatible, and magnetically susceptible Fe3O4 core, in the sudden burst release 

of Fe(III) ions or in their chronic overload in human organisms.  

To summarize, all of the studies showed an assumed influence of  

the supramolecular receptor on the materials’ binding potential, which therefore 

might be a key point for further exploration of applications of this kind of materials 

in different branches of analytical chemistry, which might be: 

· Removal/scavenging of toxic entities; 

· Pre-concentrating of unanalyzable amounts of chemicals; 

· Transport of drugs, therapeutics, and other bioactive molecules; 

· Directed or selective solid-phase extraction systems.  
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Abstract 
 

The ongoing globalization prompts the implementation of new materials, which 

either inhibit negative results of human activity, increase positive effects towards 

human health and life quality, or facilitate sustainable development. For the last few 

decades, significant attention has been paid to (i) hybrid materials, which are 

generally defined as two-component materials consisting of inorganic support, 

which is grafted with a functional organic receptor (inorganic-organic hybrids);  

and (ii) functional polymeric materials consisting of polymer chains functionalized 

with an organic receptor. Such materials exhibit combined physicochemical 

properties of both components, which further results in the development of new 

functionalities related to the domains used.  

Among numerous, almost uncountable, organic domains treated as potential 

grafting agents, poly(amidoamine) (PAMAM) dendrimers and a trihydroxamic acid 

– deferoxamine (DFO) exhibit interesting chemical properties from the analytical 

point of view. Therefore, the following doctoral dissertation focuses on their 

implementation as grafting agents dedicated to three types of supports, in order to 

obtain functional hybrid and polymeric materials for analytical applications. 

PAMAM dendrimers are highly interesting structures, which is related to their 

multifunctionality as a result of (i) branched character inducing the presence of 

internal cavities; and (ii) the presence of multiple functional amide and amine 

groups, affording various interaction pathways with analytes, which makes them  

a group of versatile supramolecular receptors. The given structural features result 

in the possible entrapment of small molecules within the dendritic matrix, and  

non-covalent interactions with analytes through electrostatic, ion-dipole,  

and dipole-dipole interactions, hydrogen bonding, or chelation. Therefore,  

PAMAM-grafted hybrid materials may find applications in e.g. analytical chemistry, 

environmental protection, biomedicine, or catalysis. On the other hand, clinically 

used deferoxamine plays a role of siderophore – a scavenger of Fe(III) ions – which 

is related to the presence of three hydroxamic acid domains in its structure, 

determining the high stability of deferoxamine-Fe(III) complex (logβDFO-Fe(III) = 30.6). 

Therefore, functional materials containing pendant deferoxamine residue on their 

surface may be successfully used not only as tools for enhanced adsorption, 
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quantification, or sensing of ferric ions, but also as platforms for targeted 

complexation of Fe(III) ions excess in organisms.  

The presented characteristic chemical features of the two kinds of organic 

receptors led to their immobilization on the chosen inorganic supports, which were 

silica and magnetite nanoparticles, and on the polymeric chain of poly(methyl vinyl 

ether-alt-maleic anhydride) (PMVEAMA), which was one of the goals of  

the following doctoral dissertation. Nevertheless, the main scientific problems, 

which were intended to be answered during the performed, and herein presented 

studies, are connected with the description of an influence of the grafting agent 

structure and the support used, on the final sorptive properties of the hybrid 

materials. The studies are presented in a series of five scientific articles A1-A5, 

which are included in the following dissertation. 

The performed studies focused on three segments, while each of them 

involved a sufficient materials’ characterization with FT-IR spectroscopy,  

TG analysis, SEM imagining, or elemental analysis – when required, and subsequent 

investigation of their adsorptive potential towards the specifically chosen analytes.  

The first scientific goal aimed at the synthesis of four PAMAM dendrimers, 

which differed in the structure of an amine terminal component used, i.e. contained 

ethylenediamine, tris(2-aminoethyl)amine, triethylenetetramine, or 4,7,10-trioxa-

1,13-tridecanediamine (hereinafter labeled as EDA, TREN, TETA, and TRI-OXA, 

respectively). The dendrimers were characterized with ESI-MS, 1H-NMR, and  

13C-NMR analyses prior to their immobilization on the surface of amorphous silica 

containing pendant isocyanate or glycidoxy functional linkers. The obtained hybrid 

materials SiO2-EDA, SiO2-TREN, SiO2-TETA, and SiO2-TRI-OXA were studied for 

adsorptive properties towards Cu(II), Ni(II), and Co(II) ions as pollutants, and folic, 

salicylic, and nicotinic acids as model bioactive acidic compounds. The experiments 

showed that the structure of the terminal amine component of the dendrimers,  

and thus the structure of the dendrimers themselves, has an impact on the binding 

potential of the hybrid materials, and also on the drug-transporting ability 

evidenced by in vitro release studies.  
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The next scientific problem concerned an investigation of the sorptive 

potential of the dual-polymeric material consisting of PMVEAMA as the support,  

and the synthesized PAMAM type dendrimer containing diethylenetriamine as  

the amine terminal component (hereinafter labeled as DETA) as the grafting agent. 

Even though the polynucleophilic character of the dendrimer has triggered  

the formation of cross-linking product, the material showed high adsorptive 

properties towards the chosen organic dyes (Congo red, Sunset Yellow FCF, 

riboflavin) and drugs (folic, salicylic, and nicotinic acid, and riboflavin).  

The obtained polymeric adsorbent is applicable as a reusable binding material since, 

after several cycles of the adsorption/desorption of the dyes, only a slight decrease 

in the adsorption efficiency was observed. Moreover, PMVEAMA-DETA was also 

proved for an in vitro drug delivery potential, which combined with the reported 

cytocompatibility of the support may lead to efficient in vivo applicability of  

the platform for the transport of therapeutics. The last scientific problem focused on 

the application of DFO-functionalized materials based on silica particles, magnetite 

nanoparticles, and PMVEAMA for effective adsorption of Fe(III) ions. Each of  

the materials exhibited satisfactory efficiency in the remediation of ferric ions from 

their aqueous solutions. The studies showed that the support and the type of  

the linker used for immobilization of the receptor have an impact on the sorptive 

performance of the materials. Furthermore, exemplary materials were also proved 

for: selectiveness towards Fe(III) in the presence of co-existing trivalent Cr(III) and 

Al(III) ions; fast and full in vitro transfer of Fe(III) ions from the biological complex 

of hemin to the magnetic DFO-modified material; and retained stability and 

magnetic susceptibility in human serum.  

All the results may lead to the creation of new devices finding versatile 

application in analytical chemistry (sensing materials; pre-concentration tools), 

biomedicine (targeted platforms for delivery of drugs, therapeutics, antibodies, 

nucleic acids, etc.; materials for improved magnetic imagining or radiolabeling;  

in vivo scavengers of excessive non-transferrin bound ferric ions), or environmental 

protection (adsorbents of toxic entities). 
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Streszczenie 
 

Stale postępująca globalizacja jest jedną z głównych przyczyn projektowania oraz 

implementacji nowych materiałów, których nadrzędnym zadaniem jest hamowanie 

negatywnych skutków ludzkiej działalności, poprawianie jakości życia i zdrowia lub 

wspieranie zrównoważonego rozwoju. W ciągu ostatnich dekad znaczącą uwagę 

skupiły na sobie (i) materiały hybrydowe, które definiowane są jako materiały 

dwukomponentowe składające się z nieorganicznego nośnika zawierającego  

na swojej powierzchni organiczny receptor molekularny (hybrydy nieorganiczno-

organiczne); oraz (ii) funkcjonalne materiały polimerowe składające się łańcucha 

polimerowego i zakotwiczonego na nim organicznego receptora. Materiały tego 

rodzaju charakteryzują się sumarycznymi właściwościami fizykochemicznymi obu 

komponentów, co skutkuje nadaniem materiałowi nowych cech funkcjonalnych.   

Wśród prawie niepoliczalnej grupie związków organicznych, które mogą 

zostać wykorzystane jako potencjalne domeny funkcjonalizujące, wyróżnić można 

dendrymery poli(amidoaminowe) (PAMAM) oraz deferoksaminę należącą do grupy 

kwasów trihydroksamowych, które wykazują interesujące, z punktu widzenia 

chemii analitycznej, właściwości chemiczne. Tym samym, tematyka przedstawionej 

rozprawy doktorskiej skupia się na wykorzystaniu wskazanych receptorów 

organicznych jako czynników funkcjonalizujących wobec trzech rodzajów 

materiałów nośnikowych, prowadząc do otrzymania nowych funkcjonalnych 

materiałów hybrydowych i polimerowych znajdujących zastosowanie w szeroko 

pojętej analityce chemicznej. Zastosowanie dendrymerów PAMAM jest ściśle 

związane z ich polifunkcjonalnością, tj. (i) rozgałęzioną strukturą, która determinuje 

pojawianie się wewnętrznych wnęk pomiędzy ramionami dendrymerów;  

oraz (ii) obecnością wielu grup amidowych oraz aminowych, zapewniających 

różnorodne ścieżki oddziaływania z analitami, co łącznie zapewnia ich 

uniwersalność jako receptory supramolekularne. Wymienione cechy strukturalne 

dendrymerów PAMAM powodują, że mogą one oddziaływać z wybranymi analitami 

poprzez fizyczne uwięzienie małych cząsteczek w matrycy dendrymeru oraz 

poprzez oddziaływania niekowalencyjne, takie jak oddziaływania elektrostatyczne, 

oddziaływania typu jon-dipol i dipol-dipol, wiązania wodorowe, a także poprzez 

chelatowanie. Dzięki temu materiały zawierające na swojej powierzchni domeny 
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PAMAM mogą znaleźć zastosowanie w m.in. chemii analitycznej, ochronie 

środowiska, biomedycynie lub katalizie. Z kolei, dotychczas stosowana prawie 

wyłącznie klinicznie deferoksamina (DFO) skategoryzowana może być jako 

siderofor – cząsteczka wiążąca jony Fe(III) – co jest związane z obecnością trzech 

grup kwasu hydroksamowego w jej strukturze, wpływającą na silną stabilizację 

kompleksu deferoksamina-Fe(III) (logβDFO-Fe(III) = 30.6). Tym samym, materiały 

zawierające na swej powierzchni domenę DFO mogą być zastosowane nie tylko jako 

materiały do zintensyfikowanej adsorpcji, oznaczenia lub detekcji jonów Fe(III),  

ale również jako platformy do ukierunkowanego wiązania nadmiaru tychże jonów 

w organizmach.  

Przedstawione właściwości chemiczne dwóch rodzajów receptorów 

organicznych przyczyniły się do ich immobilizacji na wybranych nośnikach 

nieorganicznych, którymi była krzemionka oraz nanocząstki magnetytu,  

oraz na kopolimerze eteru metylowo winylowego i bezwodnika maleinowego 

(PMVEAMA), co było jednym z celów przedstawionej pracy doktorskiej. Niemniej 

jednak, główne problemy naukowe, które zostały zaadresowano w ramach 

przeprowadzonych i przedstawionych badań, skupiały się na określeniu wpływu 

zarówno czynnika funkcjonalizującego, jak i użytego nośnika na właściwości 

sorpcyjne otrzymanych materiałów hybrydowych. Badania te zostały opublikowane 

w serii pięciu artykułów A1-A5, które stanowią podstawę przedstawionej rozprawy 

doktorskiej.  

Badania podzielone zostały na trzy etapy, z których każdy obejmował syntezę 

i charakterystykę materiałów z wykorzystaniem spektroskopii FT-IR, analizy TG, 

obrazowania SEM lub analizy elementarnej – kiedy wymagane – oraz określenie ich 

zdolności adsorpcyjnych wobec wybranych analitów.  

Pierwszy celem naukowym była synteza czterech dendrymerów PAMAM 

różniących się użytym terminalnym komponentem aminowym, tj. zawierające 

etylenodiaminę, tris(2-aminoetylo)aminę, trietylenotetraminę lub 4,7,10-trioksa-

1,13-tridekanodiaminę (nazwane odpowiednio EDA, TREN, TETA oraz TRI-OXA). 

Dendrymery zostały scharakteryzowane technikami ESI-MS, 1H-NMR, and 13C-NMR, 

a następnie zakotwiczone na powierzchni amorficznej krzemionki zawierającej 

powierzchniowe grupy izocyjanianowe lub ugrupowania glicydoksy. Otrzymane 



56 
 

materiały SiO2-EDA, SiO2-TREN, SiO2-TETA oraz SiO2-TRI-OXA zostały przebadane 

pod względem ich właściwości adsorpcyjnych wobec jonów Cu(II), Ni(II) oraz 

Co(II), jako jonów metali toksycznych oraz wobec kwasu foliowego, salicylowego 

oraz nikotynowego, jako modelowych cząsteczek kwasowych o udokumentowanej 

bioaktywności. Przeprowadzone eksperymenty pokazały, że struktura użytej 

aminy, a tym samym struktura dendrymeru, ma wpływ zarówno na zdolność 

adsorpcyjną wobec wybranych adsorbatów, jak również na zdolność do transportu 

biomolekuł zbadaną w trybie in vitro.  

Kolejny problem badawczy skupiał się na określeniu potencjału sorpcyjnego 

dwupolimerowego materiału składającego się z polimerowego nośnika PMVEAMA 

oraz dendrymeru typu PAMAM zawierającego dietylenoaminę jako komponent 

aminowy (nazywany dalej dendrymerem DETA), jako receptor molekularny. 

Pomimo poli-nukleofilowego charakteru dendrymeru, który przyczynił się do 

powstania usieciowanej struktury polimerowej (ang. cross-linking), otrzymany 

materiał wykazywał wysoką zdolność adsorpcyjną wobec wybranych barwników 

organicznych (czerwień Congo, żółcień pomarańczowa FCF, ryboflawina) oraz 

związków bioaktywnych (kwas foliowy, kwas salicylowy, kwas nikotynowy). 

Uzyskany adsorbent polimerowy może być zastosowany do wielokrotnego wiązania 

barwników z roztworu, ponieważ zaobserwowano jedynie nieznaczny spadek 

zdolności sorpcyjnej po kilku cyklach adsorpcji/desorpcji. PMVEAMA-DETA został 

również określony jako potencjalny nośnik leków, wykazując zadowalające wyniki 

uwalniania leków w trybie in vitro, co w połączeniu z udokumentowaną 

cytokompatybilnością nośnika polimerowego może prowadzić do jego 

wykorzystania jako platformy do transportu in vivo terapeutyków.  

Trzecim, a zarazem ostatnim, problemem naukowym podjętym  

w przedstawionej rozprawie doktorskiej było zastosowanie materiałów 

funkcjonalnych opartych na cząstkach krzemionki, nanocząstkach magnetytu oraz 

PMVEAMA zawierających deferoksaminę, jako adsorbentów wobec jonów Fe(III). 

Każdy z otrzymanych materiałów wykazywał zadowalającą wydajność w wiązaniu 

jonów z roztworów wodnych. Badania wykazały, że stopień wiązania jonów jest 

zależny od rodzaju użytego nośnika, a przede wszystkim typu linkera, który 

determinuje stopień immobilizacji receptora na powierzchni materiałów. Ponadto, 
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wybrane materiały zostały również poddane badaniom, których rezultatem było 

potwierdzenie: selektywności materiałów wobec jonów Fe(III) w obecności innych 

trójwartościowych jonów, tj. Cr(III) oraz Al(III); szybki, całkowity transfer jonów 

Fe(III) z kompleksu biologicznego (heminy) do materiału opartego  

na nanocząstkach Fe3O4; zachowana stabilność oraz podatność magnetyczna 

materiałów opartych na nanocząstkach magnetytu w ludzkim serum.  

Wszystkie przedstawione wyniki badań mogą prowadzić do wytworzenia 

multiaplikacyjnych materiałów funkcjonalnych w obrębie chemii analitycznej 

(materiały do detekcji, oznaczania lub wstępnego zatężania analitów  

z rozcieńczonych roztworów – ang. pre-concentration), biomedycynie (platformy 

dostarczające m.in. leki, terapeutyki, kwasy nukleinowe oraz przeciwciała; 

materiały wspomagające obrazowanie; materiały do wiązania nadmiarowych 

wolnych jonów Fe(III) w organizmie w trybie in vivo) oraz ochronie środowiska 

(adsorbenty wobec toksycznych indywiduów chemicznych). 
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