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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 20t 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 (Fe203), 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 19t century.* 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.>-¢

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 -1t stacking, van der Waals or electrostatic
interactions, or hydrogen bonds), while Type Il materials are stabilized by strong
covalent bonds.” 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 (TiOz2), magnetite
nanoparticles (Fe304), 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? Other frequently used
inorganic platforms are magnetite nanoparticles. Among their main advantages is
high magnetic susceptibility affording easy and fast separation or 3D direction,

13



a variety of cheap synthetic approaches leading to nanosized particles, in vitro and
in vivo cytocompatibility, and high durability.19-12 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.l3-15 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.’® Although a quite
similar approach for the synthesis of poly-armed molecules had been already
published in 1978 by the group of Vogtle,1” 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.18-1° 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,?8 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.

HN-""

NH, H,N

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.2? 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.3%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,*144 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 2006.5! 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(Ill), Hg(II), Ag(I), Fe(Ill), or Cu(Ill) 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.t3-72 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.”’3-77 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(IlI) ions showed very good catalytic activity
accelerating the formation of C-C bonds between chosen ketones and indoles
following Michael addition, Fe304 nanoparticles functionalized with PAMAM-Co(1I)
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.”8-81 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 Fe30s-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.8>-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 Fes304-citric acid-PAMAM-curcumin towards MCF-7 human breast
adenocarcinoma.’1-93 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.?4-98

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.92 Almost 40 years later, in 1988, Bergeron and Pegram presented
the very first and relatively efficient multi-step synthesis of DF0.100 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 logf
values of 30.6 and 41.6 for [ML] and [MHL]* (M - the metal ions, Fe(IIl);
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
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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(Ill) ions using surface-enhanced Raman scattering (SERS)
method197-108 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.l?? 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(IlI), Cr(VI), V(V), or Cu(II).110-113
Also, such materials may be applied for chelation of 8%Zr 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(IlI), 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(lIll) 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,
[ 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 Al M. Pawlaczyk, G. Schroeder, Adsorption studies of Cu(Il) ions on dendrimer-

grafted silica-based materials, Journal of Molecular Liquids 281 (2019),
176-185; IF = 6.165; MNiSW = 100; DOI: 10.1016/j.mollig.2019.02.043

Appendix A2 M. Pawlaczyk, G. Schroeder, Efficient Removal of Ni(Il) 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(Ill) 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(Il) ions. The described studies are presented in article
A1, entitled “Adsorption studies of Cu(ll) 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.11¢ 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 g1, 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(ll), 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 (gm) 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 g1 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 Al.
The calculated positive values of the enthalpy of the described processes indicated
that the adsorption of Cu(Il) 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(Il) and Co(1l) 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(Il) 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 gm 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(Il) ions capacity of 99.1 and 101.1 mg g1, 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 ti1/2 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 AH indicate the endoenergeticity of the adsorption processes and the positive
values of AS show that a driving force of the adsorption is increased randomness at
the material-solution interface connected with solvation effects. Moreover,
the decreasing AG 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 a¥! 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(Il) ions to PAMAM-grafted materials is primarily related to the slight
differences between their hydrated radii.11” 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(Il) 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-0XA)
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=0 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=0 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 Bo), 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

36



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 (R? and x?2), which are consistent with the ability of the drugs to form
intermolecular interactions, especially through m-m 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 gm 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 gm of folic acid calculated for all the hybrid materials were high and varied
between 202.43 and 274.72 mg g-l. 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 gt 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 AH are slightly
positive, especially for the experiments involving folic acid with two exhalable
protons. Moreover, the calculated Gibbs’ free energy AG 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: HCI/KCI 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. m—m 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.

A ~J
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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.118119 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 Et20 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
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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 m-m stacking or hydrogen bonds. The calculated maximal adsorption
capacity values reached 310.6 and 367.7 mg g1 for Sunset Yellow FCF and Congo
Red dyes, and 304.9, 134.2, and 91.6 mg g-! for folic, salicylic, and nicotinic acid,
respectively. The lowest sorption affinity was described for riboflavin
(gm = 26.5 mg g1), 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 (AG < 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 AS values), and thus the spontaneity of the process is afforded by very
low or negative AH. In the described adsorption of folic, salicylic, and nicotinic acid,
AH values range between -5.5 and -3.3 k] 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 ti1/2, which values are presented in Table S4 (Supplementary Information;
article A4). Extremely low values calculated for Congo Red and Sunset Yellow FCF
0f0.02 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 Bz 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(0)-N-0H 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(Ill)
lons 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
Fe304 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, SiOz-maleimide-DFO,
Fe304-NCO-DFO, Fe30s4-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 Fe304 nanoparticles were encapsulated with a silica layer
following the Stober method20 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 Fe304/SiOz system.
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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(IlI) 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(lll) ions.
An especially informative gm parameter varied between 87.41 and 140.65 mg g1,
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 gm 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(Ill) adsorption, which is consistent with the ascribed materials
adsorptive potential. In order to assess the rate of Fe(IIl) ions adsorption on
the adsorbents, kinetic studies were employed. Accordingly, values of
the half-adsorption time ti12 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 (AG < 0) is mostly related to elevated values of the Fe-binding
process entropy, which varied between 54.23 and 107.74 ] mol-1 K-1, indicating that
the adsorption of Fe(IIl) 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
Si02-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 Fe304-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(Ill) 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(IIl) ions. The proven effectiveness of the materials has prompted the use of
exemplary Fe304-NCO-DFO in the competitive binding of Fe(IlI) 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(Ill) complex and observation of
changes in its ESI-MS spectra after incubation with pure deferoxamine or
Fe304-based functional material (Figure 8, article A5). The spectrum of a mixture
of PPIX-Fe(Ill) and pure DFO already showed a full transfer of Fe(Ill) 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(IIl) 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 wuse 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(Il) and Co(II) ions, involving the direct

48



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 g1 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 Fe304 nanoparticles, and the polymeric chains of
PMVEAMA. The resulted hybrid and polymeric materials were accordingly tested
for their ability of Fe(Ill) 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(Ill) 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 Fe304-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 Fe304 core, in the sudden burst release
of Fe(IIl) 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(IIl) ions - which
is related to the presence of three hydroxamic acid domains in its structure,
determining the high stability of deferoxamine-Fe(III) complex (logfpro-re(un = 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(IIl) 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 SiOz2-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(IIl) 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(Ill) 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 postepujaca globalizacja jest jedng z gtéwnych przyczyn projektowania oraz
implementacji nowych materiatéw, ktérych nadrzednym zadaniem jest hamowanie
negatywnych skutkéw ludzkiej dziatalnos$ci, poprawianie jakosci zycia i zdrowia lub
wspieranie zréwnowazonego rozwoju. W ciggu ostatnich dekad znaczaca uwage
skupily na sobie (i) materiaty hybrydowe, ktére definiowane s3 jako materiaty
dwukomponentowe sktadajace sie z nieorganicznego nosnika zawierajacego
na swojej powierzchni organiczny receptor molekularny (hybrydy nieorganiczno-
organiczne); oraz (ii) funkcjonalne materiaty polimerowe sktadajgce sie taficucha
polimerowego i zakotwiczonego na nim organicznego receptora. Materiaty tego
rodzaju charakteryzujg sie sumarycznymi wtasciwos$ciami fizykochemicznymi obu

komponentéw, co skutkuje nadaniem materiatowi nowych cech funkcjonalnych.

WSsréd prawie niepoliczalnej grupie zwigzkéw organicznych, ktére moga
zosta¢ wykorzystane jako potencjalne domeny funkcjonalizujgce, wyr6zni¢ mozna
dendrymery poli(amidoaminowe) (PAMAM) oraz deferoksamine nalezgcg do grupy
kwaséw trihydroksamowych, ktére wykazujg interesujace, z punktu widzenia
chemii analitycznej, wtasciwo$ci chemiczne. Tym samym, tematyka przedstawionej
rozprawy doktorskiej skupia sie na wykorzystaniu wskazanych receptoréow
organicznych jako czynnikow funkcjonalizujagcych wobec trzech rodzajow
materiatdw nos$nikowych, prowadzgc do otrzymania nowych funkcjonalnych
materiatdw hybrydowych i polimerowych znajdujacych zastosowanie w szeroko
pojetej analityce chemicznej. Zastosowanie dendrymeréw PAMAM jest Scisle
zwigzane z ich polifunkcjonalnoscia, tj. (i) rozgatezionag strukturg, ktéra determinuje
pojawianie sie wewnetrznych wnek pomiedzy ramionami dendrymerow;
oraz (ii) obecnoscig wielu grup amidowych oraz aminowych, zapewniajacych
réznorodne S$ciezki oddziatywania z analitami, co 13acznie zapewnia ich
uniwersalno$¢ jako receptory supramolekularne. Wymienione cechy strukturalne
dendrymeréw PAMAM powoduja, Ze mogg one oddziatywa¢ z wybranymi analitami
poprzez fizyczne uwiezienie matych czasteczek w matrycy dendrymeru oraz
poprzez oddziatywania niekowalencyjne, takie jak oddzialywania elektrostatyczne,
oddziatywania typu jon-dipol i dipol-dipol, wigzania wodorowe, a takze poprzez
chelatowanie. Dzieki temu materialy zawierajace na swojej powierzchni domeny
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PAMAM moga znalez¢ zastosowanie w m.in. chemii analitycznej, ochronie
Srodowiska, biomedycynie lub katalizie. Z kolei, dotychczas stosowana prawie
wytacznie klinicznie deferoksamina (DFO) skategoryzowana moze by jako
siderofor - czasteczka wigzaca jony Fe(IlI) - co jest zwigzane z obecnoscia trzech
grup kwasu hydroksamowego w jej strukturze, wptywajaca na silng stabilizacje
kompleksu deferoksamina-Fe(IlI) (logfpro-remy = 30.6). Tym samym, materiaty
zawierajace na swej powierzchni domene DFO moga by¢ zastosowane nie tylko jako
materiaty do zintensyfikowanej adsorpcji, oznaczenia lub detekcji jonéw Fe(III),
ale rowniez jako platformy do ukierunkowanego wigzania nadmiaru tychze jonow

w organizmach.

Przedstawione wtasciwo$ci chemiczne dwdéch rodzajow receptoréw
organicznych przyczynity sie do ich immobilizacji na wybranych no$nikach
nieorganicznych, ktéorymi byla krzemionka oraz nanoczastki magnetytu,
oraz na kopolimerze eteru metylowo winylowego i bezwodnika maleinowego
(PMVEAMA), co byto jednym z celéw przedstawionej pracy doktorskiej. Niemniej
jednak, gtéwne problemy naukowe, ktore zostaty zaadresowano w ramach
przeprowadzonych i przedstawionych badan, skupiaty sie na okresleniu wplywu
zaréowno czynnika funkcjonalizujgcego, jak i uzytego nos$nika na wtasciwosci
sorpcyjne otrzymanych materiatéw hybrydowych. Badania te zostaty opublikowane
w serii pieciu artykutéw A1-A5, ktore stanowia podstawe przedstawionej rozprawy

doktorskie;j.

Badania podzielone zostaty na trzy etapy, z ktérych kazdy obejmowat synteze
i charakterystyke materialéw z wykorzystaniem spektroskopii FT-IR, analizy TG,
obrazowania SEM lub analizy elementarnej - kiedy wymagane - oraz okre$lenie ich

zdolnosci adsorpcyjnych wobec wybranych analitow.

Pierwszy celem naukowym byta synteza czterech dendrymeréw PAMAM
réznigcych sie uzytym terminalnym komponentem aminowym, tj. zawierajgce
etylenodiamine, tris(2-aminoetylo)amine, trietylenotetramine lub 4,7,10-trioksa-
1,13-tridekanodiamine (nazwane odpowiednio EDA, TREN, TETA oraz TRI-OXA).
Dendrymery zostaty scharakteryzowane technikami ESI-MS, TH-NMR, and 13C-NMR,
a nastepnie zakotwiczone na powierzchni amorficznej krzemionki zawierajacej

powierzchniowe grupy izocyjanianowe lub ugrupowania glicydoksy. Otrzymane
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materiaty SiO2-EDA, SiO2-TREN, SiO2-TETA oraz SiO2-TRI-OXA zostaly przebadane
pod wzgledem ich wtasciwosci adsorpcyjnych wobec jonéw Cu(II), Ni(Il) oraz
Co(1I), jako jonéw metali toksycznych oraz wobec kwasu foliowego, salicylowego
oraz nikotynowego, jako modelowych czgsteczek kwasowych o udokumentowanej
bioaktywnos$ci. Przeprowadzone eksperymenty pokazaty, ze struktura uzytej
aminy, a tym samym struktura dendrymeru, ma wptyw zaréwno na zdolno$¢
adsorpcyjng wobec wybranych adsorbatéw, jak rowniez na zdolno$¢ do transportu

biomolekut zbadang w trybie in vitro.

Kolejny problem badawczy skupiat sie na okresleniu potencjatu sorpcyjnego
dwupolimerowego materiatu sktadajacego sie z polimerowego nosnika PMVEAMA
oraz dendrymeru typu PAMAM zawierajgcego dietylenoamine jako komponent
aminowy (nazywany dalej dendrymerem DETA), jako receptor molekularny.
Pomimo poli-nukleofilowego charakteru dendrymeru, ktory przyczynit sie do
powstania usieciowanej struktury polimerowej (ang. cross-linking), otrzymany
materiat wykazywat wysoka zdolno$¢ adsorpcyjng wobec wybranych barwnikow
organicznych (czerwien Congo, Zétcien pomaranczowa FCF, ryboflawina) oraz
zwigzkow bioaktywnych (kwas foliowy, kwas salicylowy, kwas nikotynowy).
Uzyskany adsorbent polimerowy moze by¢ zastosowany do wielokrotnego wigzania
barwnikéw z roztworu, poniewaz zaobserwowano jedynie nieznaczny spadek
zdolnoSci sorpcyjnej po kilku cyklach adsorpcji/desorpcji. PMVEAMA-DETA zostat
rowniez okreslony jako potencjalny nos$nik lekéw, wykazujac zadowalajgce wyniki
uwalniania lekéw w trybie in vitro, co w potaczeniu z udokumentowang
cytokompatybilno$cia nosnika polimerowego moze prowadzi¢ do jego

wykorzystania jako platformy do transportu in vivo terapeutykéw.

Trzecim, a zarazem ostatnim, problemem naukowym podjetym
w przedstawionej rozprawie doktorskiej byto zastosowanie materiatéw
funkcjonalnych opartych na czastkach krzemionki, nanoczastkach magnetytu oraz
PMVEAMA zawierajacych deferoksamine, jako adsorbentéw wobec jonow Fe(III).
Kazdy z otrzymanych materiatéw wykazywat zadowalajaca wydajno$¢ w wigzaniu
jonéw z roztworow wodnych. Badania wykazaty, Ze stopien wigzania jonéw jest
zalezny od rodzaju uzytego nosnika, a przede wszystkim typu linkera, ktéry

determinuje stopien immobilizacji receptora na powierzchni materiatéw. Ponadto,
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wybrane materiaty zostaty rowniez poddane badaniom, ktorych rezultatem byto
potwierdzenie: selektywnos$ci materiatéw wobec jondw Fe(III) w obecno$ci innych
tréjwartosciowych jondw, tj. Cr(IIl) oraz Al(III); szybki, catkowity transfer jonéw
Fe(Ill) z kompleksu biologicznego (heminy) do materiatlu opartego
na nanoczastkach Fes30s; zachowana stabilno$¢ oraz podatno$¢ magnetyczna

materiatéw opartych na nanoczgstkach magnetytu w ludzkim serum.

Wszystkie przedstawione wyniki badan mogg prowadzi¢ do wytworzenia
multiaplikacyjnych materiatéw funkcjonalnych w obrebie chemii analitycznej
(materiaty do detekcji, oznaczania lub wstepnego zatezania analitéw
z rozcienczonych roztworéw - ang. pre-concentration), biomedycynie (platformy
dostarczajgce m.in. leki, terapeutyki, kwasy nukleinowe oraz przeciwciata;
materiaty wspomagajgce obrazowanie; materiaty do wigzania nadmiarowych
wolnych jonéw Fe(Ill) w organizmie w trybie in vivo) oraz ochronie Srodowiska

(adsorbenty wobec toksycznych indywiduéw chemicznych).
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ARTICLE INFO ABSTRACT
Article history: Globally observed increase in water contamination has prompted the search for novel, efficient adsorbents, in
Received 4 December 2018 particular those capable of adsorbing heavy metals. A group of novel hybrid materials composed of silica-gel
Received inrevised form 5 February 2019 functionalized with dendritic structures was synthesized. Firstly, four poly(amidoamine) dendrimers
:i;:;: Z:Et‘f;y;:z 2019 (PAMAM) were synthesized in a two-step synthesis: (1) Michael addition between amine core - tris(2-
% ammoethyl)amme and methyl acrylate (2) amidation with the use of four structurally diverse amines:
Keywords: et tris(2: )Jamine and 4,7,10-trioxa-1,13-tridecanediamine. Ob-
PAMAM dendrimers tained dendnmers were charactenzed with NMRand MS analysis, and subsequently used as grafting agents ded-
silica particles icated to isocyanate-functionalized silica particles. The obtained hybrid materials (SiO,-dendrimers) were
Hybrid materials subjected to IR spectroscopic study and tested for their adsorptive properties towards Cu?* ions. Adsorption
Cu?* adsorption studies included obtaining of adsorption isotherms and kinetic and thermodynamic studies, using spectrophoto-
metric measurements. Adsorption capacity values of the materials fluctuated between 19.8 and 104.6 mg g '
Also, other coefficients, such as adsorption rate constants, standard enthalpies or standard Gibbs free energies,
describing chelating ability of adsorbents were considerably various for different materials. According to the re-
sults, incorporation of structurally diverse amines as amino-terminal components of dendritic structure had a
significant influence on adsorptive properties of silica-dendrimer hybrid materials.
© 2019 Elsevier BV. All rights reserved.
1. Introduction effective platforms for bioactive molecules delivery or gene transfection

In recent years, silica-gel has gained much attention not only as a
widely used support exhibiting satisfactory mechanical and thermal
stability, but also as inorganic platform for hybrid materials, which
may find effective applications in many fields, as e.g. drug and gene de-
livery systems, novel catalysts or adsorbents of toxic compounds and
metal ions [1-6).

Hybrid materials are inorganic-organic species consisting of inor-
ganic platform surface modified with organic structures, including var-
ious carboxylic acids, surfactants, carbohydrate and protein domains or
dendrimers (7). Dendrimers are very attractive macromolecules, which
may find widespread use as functionalizing agents, because of their
highly-branched, repetitive, symmetric and regular structure,
monodispersity and high biocompatibility [8]. One of the most powerful
type of dendrimers are poly(amidoamine) ones (PAMAM), which con-
sist of an amine core surrounded by amidoamine branches. Because of
the amino-rich structure of PAMAM dendrimers, they can be applied
as grafting agents for obtaining hybrid materials, further used not only
as adsorbents towards heavy metal ions and organic dyes, but also as

* Corresponding author.
E-mail address: mateusz.pawlaczyk@amu.edu.pl (M. Pawlaczyk).

https://doi.org/10.1016/j.molliq.2019.02.043
0167-7322/© 2019 Elsevier B.V. All rights reserved.

[9-12]). However, overall physicochemical properties of hybrid mate-
rials depend on the dendritic structure (amine core, branches and
amino-termini of dendrimer), and also

on the material synthetic route. It is worth mentioning that compre-
hensive dendritic character of functionalizing agent on hybrid material
is retained only while following the ‘grafting to’ approach, involving
ready-made poly(amidoamine) dendrimer interacting with surface
group of bare or pre-treated inorganic platform. Additionally, pre-
treating, such as introducing of linker, may also contribute to decrease
in grafting tension, making the functionalizing agent more labile, thus
exhibiting higher effectiveness for designed application. Unfortunately,
both manipulations in the synthetic route are not widely-used [13-16].

Nevertheless, modification of silica-gel surface with poly(amido-
amine) dendrimers and dendrimer-like structures has been extensively
explored, especially for preparation of supports finding application in
environment protection, such as heavy metal ions adsorbents. The key
advantage of such materials is high binding affinity towards metal
ions, provided by the presence of numerous amide and amine groups,
which generate internal and external binding sites, which hinders the
adsorbate elution. Thus, silica-based PAMAM-grafted materials may
find application in scavenging, separation, extraction and pre-
concentration of metal ions from water or organic solutions [17,18].
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However, the most important coefficient, describing and validating po-
tential adsorptive material, maximal adsorption capacity g,,, depends
on many factors, which is a driving force for conducting new, innovative
studies.

For instance, Qu et al. have focused their attention on the synthesis
and characterization of ester- and amino-terminated poly(amido-
amine) dendrimer-like structures grafted onto silica surface, designed
as potential adsorbent for base metal ions (Cu®*, Ni**, Zn?*, Hg?*)
and noble metal ions (Au®*, Pd?*, Pt**, Ag*) [19,20]. Similar experi-
ments have been carried out by a few research groups, for different den-
drimer generations (size and volume), kind of adsorbed metal ions and
water solution pH [21,22]. The hybrid adsorptive efficiency was the
highest for dendrimer generation G2.0 and G3.0, providing the highest
number of amide and amine chelating groups and also enough steric
hindrance to let the ions diffuse inside dendritic structure. Adsorption
capacity of hybrid material also depends on the size and anionic/cat-
ionic character of desired ion, e.g. Pt** ion usually appears as PtC13~
anion in water solution, thus solution pH determining protonation of
dendrimer's terminal amine groups may cause either repulsive or at-
tractive effect between the adsorbent surface and the metal ions. Never-
theless, Si0,-PAMAM materials exhibit high adsorption capacities,
reaching e.g. 2.45 mmol/g for Si0,-G2.0 PAMAM towards AuCl, , even
in ethanol solutions, which makes them desirable synthetic targets for
designing and preparing novel, efficient and eco-friendly adsorbents
[23-25].

The aim of our study was to synthesize novel hybrid materials based
on surface modification of silica-gel with four poly(amidoamine)
dendrimers composed of tris(2-aminoethyl)amine as dendrimer core
and various amine termini. We proposed the synthesis of dendrimers
and simultaneous functionalization of silica-gel surface, in order to
maintain fully dendritic character of the functionalizing agent, unlike
in the most of literature reports in the field. The obtained materials
were investigated for their adsorptive properties towards Cu?* ions in
water solutions, depending on the used amino-terminal component, in-
cluding obtaining of adsorption isotherms, but also kinetic and thermo-
dynamic studies of adsorption processes were conducted.

2. Materials and methods
2.1. Materials and chemicals

All used reagents were commercially available products. The silica-
gel functionalized with surface isocyanate groups (SiO,-NCO) were ob-
tained from SiliCycle Inc. (Quebec, QC, Canada), characterized with par-
ticle size ranging between 40 and 63 um, specific surface area: 482 m%/g,
pore diameter: 59 A, pore volume: 0.71 mL/g, molecular loading:
1.33 mmol/g and surface coverage: 3.12 pmol/m? Methyl acrylate, tris
(2-aminoethyl)amine, ethylenediamine, triethylenetetramine, 4,7,10-
trioxa-1,13-tridecanediamine and copper (II) perchlorate hexahydrate
Cu(Cl04), x 6H,0 were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without any further purification. Methanol of the purity
grade p.a. was obtained from STANLAB (Lublin, Poland). Diethyl ether,
isopropanol and methylene chloride of the purity grade p.a. were pur-
chased from POCH (Gliwice, Poland).

2.2. Instruments

The "H and '*C NMR spectra of dendrimers were recorded on Varian
VNMR-S 400 MHz spectrometer (Palo Alto, CA, USA). Positive ESI-MS
spectra were recorded on amaZon SL ion trap Bruker mass spectrometer
(Bremen, Germany), using electrospray ion source (ESI) in infusion
mode. Sample solutions were introduced at a flow rate 5 L min—'
into the ionization source, using a syringe pump. Analysis were per-
formed in so-called “enhanced resolution mode”, i.e. mass range:
50-2200 m/z and scanning rate: 8100 m/z per second. Capillary voltage
was determined at —4.5 kV and — 500 V for endplate offset. The source
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and desolvation temperatures were set at 80 and 250 °C, respectively.
Helium was used as the cone gas at flow rate of 50 L h ' and nitrogen
was used as the desolvating gas at flow rate of

800 L h~". FI-IR spectra of obtained hybrid materials were recorded
on a Bruker IFS 66/s spectrometer (Billerica, MA, USA) at the wave-
length ranging between 400 and 4000 cm ' with resolution set at
2 cm~ !, using 1.5 mg of samples in KBr pellets. Concentration of Cu?*
in samples was determined by spectrophotometric method, using
Agilent 8453 UV-Vis spectrophotometer.

23. Synthesis of poly(amid

) (PAMAM) dendrimers (2)~(5)

The procedure of poly(amidoamine) dendrimers synthesis is illus-
trated in Fig. 1, on the example of obtaining of PAMAM dendrimer
with ethylenediamine amino-terminus. A three-necked flask was
charged with methyl acrylate (70.52 g, 0.820 mol) solution in 50 mL
of methanol. The stirred solution was cooled in ice-water bath in anhy-
drous atmosphere to 0 °C upon stirring and then tris(2-aminoethyl)
amine (10 g, 0.068 mol) solution in 50 mL of methanol was added
dropwise within 2 h, maintaining 0 °C temperature of the mixture. Af-
terwards, ice-water bath was removed and the mixture was allowed
to warm to room temperature and was stirred for seven days. The
resulting mixture was subjected to evaporation to remove excess of sol-
vent and unreacted methyl acrylate, yielding intermediate ester product
(1): ESI-MS: m/z: 66356 [M + H*]*.

Ester intermediate (1) was the starting material for the synthesis of
desired poly(amidoamine) dendrimers. The general procedure for
obtaining dendrimers 3-5 was the same as that used earlier for
obtaining and characterization of dendrimer 2 containing
ethylenediamine terminus [15]. To a stirred anhydrous solution of ap-
propriate amine: triethylenetetramine (27.74 g, 0.190 mol), tris(2-
aminoethyl)amine (27.74 g, 0.190 mol) or 4,7,10-trioxa-1,13-
tridecanediamine (41.80 g, 0.190 mol) in 50 mL methanol, cooled in
ice-water bath to 0 °C, ester intermediate (1) (10 g, 0.015 mol) solution
in methanol (30 mL) was added dropwise within 2 h maintaining 0 °C
temperature of mixture. Then, the resulting mixture was allowed to
warm to room temperature and was stirred for seven days, leading to
formation of products 3, 4 and 5, respectively (Fig. 2). Afterwards, the
excess of solvent was removed under reduced pressure and dendrimers
were extracted with cold diethyl ether, obtaining pure products.

Dendrimer 2: '"H NMR (CDCls, 400 MHz), 6: 2.21 (12H, m, CHy),
2.38-2.73 (48H, m: overlapping CH,, NH;), 3.05 (12H, m, CH,), 8.07
(6H, bs, CONH); ESI-MS: my/z: 831.72 [M + H]*.

Dendrimer 3: '"H NMR (CD30D, 400 MHz), é: 2.40-2.55 (24H, m,
CHy), 2.62-2.77 (60H, m, CHy), 2.82 (12H, t, CHy), 3.32 (12H, t, CH);
3C NMR (CD50D, 400 MHz), é: 35.5, 41.5, 42.5, 50.2, 51.7, 53.2, 54.6,
58.8,177.6; ESI-MS: m/z: 1346.97 [M + H]*.

Dendrimer 4: "H NMR (CD30D, 400 MHz), &: 2.39-2.53 (24H, m,
CH,), 2.64 (24H, t, CH,) 2.65 (36H, dt, CH;), 2.79-2.86 (12H, m, CH,),
3.32 (12H, t, CH,); "3C NMR (CD30D, 400 MHz), 6: 35.4, 39.6, 40.6,
54.0, 55.4, 58.7, 177.3; ESI-MS: m/z: 1055.95 [M + H]*, 909.78 [M
+ H]*, 52856 [M + 2H]**, 455.47 [M + 2H**, 352.85 [M + 3H]**,
304.12 [M + 3H]**.

Dendrimer 5: "H NMR (CD;0D, 400 MHz), 6: 1.74 (12H, kw, CH,),
1.79 (12H, kw, CH,) 2.43 (12H, t, CH,), 2,65 (12H, m, CH,), 2.70 (12H,
t, CHy), 2.82 (12H, t, CH,), 3.26 (12H, t, CH,), 3.58 (12H, t, CH,), 3.61
(12H, t, CH,), 3.64-3.74 (48H, m, CH;); '*C NMR (CD50D, 400 MHz),
6:31.2,34.2,35.5, 39.2, 40.5, 51.6, 52.1, 71.2, 71.7, 72.1, 72.4, 177.2;
ESI-MS: m/z: 1572.01 [M + H]*, 787.01 [M + 2HJ?**, 525.20 [M
+ 3HP*, 44922 [M + 4H]**, 394.17 [M + 4H]**.

2.4. Synthesis of hybrid materials SiO>-dendrimer
To an anhydrous solution of dendrimer: (2) (448 g, 5.4 mmol), (3)

(7.27 g, 54 mmol), (4) (7.27 g, 5.4 mmol) or (5) (9.67 g, 5.4 mmol) in
30 mL of methanol, cooled in dry ice-isopropanol bath to —50 °C,6 g
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of silica-gel functionalized with surface isocyanate groups was added
slowly, not to let temperature rise. Then, the reaction mixture was
stirred at —50 °C for 3 h. Afterwards, the mixture was allowed to
warm to room temperature and was stirred overnight. The solid product
was washed three times with methanol (10 mL) and twice with meth-
ylene chloride (10 mL), then dried at room temperature under vacuum,
yielding light yellow powders (Fig. 3).

2.5. Determination of amino groups on poly(amidoamine) dendrimer-
grafted silica

Loading of dendrimers onto the silica surface was examined with the
following general procedure: 20 mg of silica-based materials were
stirred with 20 mL of 0.01 M HCl aqueous solution at room temperature
for 2 h. Then, the solution was filtered off and titrated with 0.005 M
NaOH aqueous solution, using phenolphthalein as indicator. Titration
experiments were repeated three times for each hybrid material SiO,-
dendrimer.

2.6. Copper (11) ions adsorption experiments

Studies of Cu?* adsorption on synthesized materials were per-
formed, using copper perchlorate salt Cu(ClO,), as metal ions source.
Obtaining each isotherm was preceded by the general procedure:
10 mL of copper (II) perchlorate solution at six different concentrations
(0.1,05,1,2,5,10 mM), buffered to pH 5.4 at acetic acid/sodium acetate
buffer, were poured onto 10 mg of each SiO,-dendrimer material. The
mixtures were stirred for 24 h at room temperature, reaching equilib-
rium state. The concentrations of metal ions before and after the equilib-
rium state were measured, using UV-Vis spectrophotometric studies.
The amounts of Cu?* adsorbed on the materials studied were calculated
by the following equation:

_ (Co—Ceq)V
a="m

where: g, - is the amount of metal adsorbed [mg g~ ']; co and ¢, - the
initial and equilibrium concentrations of copper ions, respectively
[mg L™"]; V - the volume of added aqueous solution (10 mL) and m is
the mass of sample [mg].

Kinetics studies were performed according to the general procedure:
20 mL of 5 mM copper perchlorate aqueous solution, buffered in acetic
buffer at pH 5.4, were added to 20 mg sample of obtained hybrid mate-
rials and the contents were stirred at room temperature. Samples of
copper solution were collected at time intervals and their
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concentrations were established using UV-Vis spectrophotometric
measurements. The amount of metal adsorbed on the hybrid materials
in each contact time was established using the equation given below:

Co—Ct)V
q‘:(omr)

where: g, - is the amount of metal adsorbed at the time t [mg g~ ']; ¢o
and ¢, - the starting concentration of copper ions and after time t, re-
spectively [mg L~']; V - the volume of added aqueous solution
(20 mL) and m is the mass of sample [mg].

For thermodynamics studies, general procedure was as follows:
10 mL of 5 mM Cu(Cl04) aqueous solution, buffered at pH 5.4 with ace-
tic buffer, were poured to the set of three 10 mg samples of synthesized
materials and stirred for 24 h at three different temperatures: 301 4+ 1K,
313 + 1 K and 328 + 1 K. Determination of copper content was
followed by the procedure described for obtaining of isotherms.

3. Results and discussion

3.1. Synthesis and charac of hybrid materials SiO,-dendrimer

The group of adsorbents dedicated to cooper ions binding was syn-
thesized in two main steps. The first step was the synthesis of four
poly(amidoamine) dendrimers, consisting of tris(2-aminoethyl)amine
as the amine core and four various amines as amino-termini. The syn-
thesis included two simple reactions: Michael reaction between tris
(2-aminoethyl)amine and methyl acrylate, using 2.1-fold excess of
methyl acrylate and subsequent nucleophilic carbonyl substitution
(amidation) with particular amines. Both reactions were carried out in
standard conditions, giving satisfactory yields: at first at lowered tem-
perature (0 °C), and then at room temperature for several days, while
there are a few reports recommending the use of high temperature or
microwave irradiation as accelerating factors [19,26,27]. Moreover, the
optimum reaction conditions were chosen as the most effective,
avoiding side reactions as cross-linking or retro-Michael reaction [28].
The obtained PAMAM dendrimers were characterized with electrospray
ionization mass spectrometry analysis (ESI-MS) in positive ion mode
(Fig. A. 4a-4c; SI), excluding characterization of dendrimer 2, which
has been already reported in the literature [15].

Each spectrum showed molecular peaks [PAMAM+H]*, however
for dendrimers 3, 4 and 5 their abundance was very low, while the
peaks corresponding to various fragmentation ions ([PAMAM - x
amine + n H]"* and [PAMAM - x CH,CH,C(0)-amine + n H]"*, x =
1; 2; 3) showed much higher intensities. What is more, for dendrimer

H,N
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Fig. 3. Synthetic route for PAMAM dendrimer-grafted silica surface, on the example of the reaction between PAMAM dendrimer 2 and silica ionalized with isocyanate surface groups.
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containing triethylenetetramine as amino-terminal component (3), the
peaks d to the frag ion ions of each triethylenetetramine
part, were observed. The trend in detecting fragmentation ions in ESI-
MS spectra of PAMAM dendrimers has already been highlighted in liter-
ature [15]. Moreover, the "H NMR (Fig. A. 2a-2c; SI) and "*C NMR (Fig. A.
3a-3c; SI) spectra of dendrimers 3, 4 and 5 confirmed the structures of
the synthesized dendrimers. No peaks corresponding to primary or sec-
ondary amine group protons were detected in the '"H NMR spectra,
which was the conseq e of choosing d: d methanol as a sol-
vent for PAMAM dendrimers [29].

The synthesized dendrimers constituted building blocks for
obtaining hybrid materials, which was achieved by addition reaction
between the isocyanate groups on the surface of functionalized silica-
gel and the terminal amino groups of poly(amidoamine) dendrimers.
The reactions were carried out for 2 h at a maximum temperature of
—50 °C, in order to prevent addition of solvent molecules (methanol)
to silica-isocyanate. Afterwards, the reaction mixtures were stirred at
room temperature to suppress the unreacted -NCO groups on silica
surface.

The amounts of amino terminal groups on materials surface
(Table 1), which define the loading of dendritic structures on silica-gel
platforms, were determined using a simple alkacymetric titration [30].
According to the experimental data, the highest loading was obtained
for Si0,-(2), reaching 0.310 mmol/g and the lowest of 0.078 mmol/g
for SiO,-(5). The SiO,-(2) material contains ethylenediamine, which is
the smallest and the least branched amine used, as the terminal compo-
nent of dendrimer 2. Thus, dendrimer 2 makes the least steric hin-
drance, which was related to the highest loading of silica with this
dendrimer.

In contrast, dendrimer 5, containing the longest amine, that is
4,7,10-trioxa-1,13-tridecanediamine, was characterized by the lowest
loading on silica.

The synthesized materials were also characterized with FT-IR spec-
troscopy, the relevant spectra are collected in Fig. 4. They show several
absorption bands, which evidence successful grafting of dendritic struc-
tures on silica surface. The bands at 1637 and 1570 cm ™' are assigned to
the C—O stretching vibration in the amide carbonyl group C(0)-NH,
and the N-H bending vibration in the amine and amide groups. Each
spectrum also shows the bands assigned to the asymmetric stretching
vibration of -CH,~- groups at 2942 cm ™', however they have relatively
low intensity, in consistence with the low loading of PAMAM
dendrimers on the silica surface. The broad absorption peak at approx-
imately 3477 cm ! corresponds to the vibration of remaining silanol
groups on silica surface, and it might overlap with that of the stretching
vibration of primary amine groups. Very strong peaks were observed at
464,800 and 1095 cm ', which are assigned to the bending, sy Tic
stretching and asymmetric stretching vibrations of Si-O-Si bonds in sil-
ica network, respectively [22]. No spectrum showed the peak that
would evidence the presence of free terminal ester group, which indi-
cates the maximally successful functionalization of silica surface with
PAMAM dendrimers. It should be added that the possibility of structural
disturbances of the dendrimers on the silica surface is negligible in view
of drastic difference between the nanometric size of the functionalizing
agents molecules [31] and micrometric size silica particles. Hence,

Table 1

The amounts of dendrimers grafted onto silica surface

(loading).
Hybrid material Loading [mmol/ g]
Si0-(2) 0310
Si0-(3) 0.152
Si0,-(4) 0.155
Si0;~(5) 0.078

microscopic images would not expose any structural defects of dendritic
structures anchored to silica platform. Furthermore, the synthesized
and characterized dendrimers were used as grafting agents for hybrid
materials' synthesis conducted with ‘grafting-to’ approach, which fully
excluded possible structural defects of functionalizing agent.

3.2. Investigation of the hybrid materials adsorption properties towards Cu’
+

A new class of adsorbents designed for removal of heavy metal ions
from aqueous solutions were obtained. Silica-based materials were
grafted with various poly(amidoamine) dendrimers, which exhibit
strong chelating affinity towards metal ions thanks to the presence of
numerous amine and amide groups. However, structural variety of
used dendrimers amino-components may also have a further impact
on chelating properties of synthesized hybrid materials. Thus, adsorp-
tion experiments, including determination of adsorption isotherms, as
well as kinetics and thermodynamics, are vital to conclude about the
structural requirements for affording best adsorptive properties of de-
signed materials.

3.2.1. Adsorption isotherms

Determination of adsorption isotherms at equilibrium state gives
important parameters, referring to sorption mechanism between adsor-
bent and analyte as well as to optimization of metal ions uptake from
aqueous solutions [32]. The isotherms obtained for experiments of Cu?
* ions adsorption on the synthesized silica-materials grafted with vari-
ous PAMAM dendrimers are depicted in Fig. 5. So far, several mathemat-
ical isotherm models describing pollutants adsorption from their
solutions have been proposed [33], however the most frequently used
are Langmuir and Freundlich models.

The Langmuir model assumes the homogeneity of adsorbent surface
and formation of adsorbate monolayer, which is connected with the
same values of binding sites energies. This model also excludes intermo-
lecular effects of the adsorbate [34]. For discussed experiments of cop-
per (Il) ions binding onto hybrid materials the Langmuir isotherm
(Fig. A. 5a.; SI) can be described as its extensively used linear plot:

Gg _Gq, 1

o, [ [ S8

[

where: ¢ - is the concentration of Cu>* ions in aqueous solution in
equilibrium state [mgL™"]; gey and gy, - the equilibrium and maximum
amount of copper bound to adsorbent, respectively [mg g~ ']; K; - the
Langmuir constant associated with adsorption energy [L mg~']. Accord-
ing to the linear plot of Langmuir isotherm, very important parameters
of adsorption process, such as maximum adsorption capacity g, and
Langmuir binding constant K; were defined from slope and intercept
of linear regression (Table 2). Moreover, on the basis of Langmuir iso-
therm, the dimensionless separation R, factor, which determines the
value of isotherm fitting, was calculated from the equation:

1
Ri= 1+ KiCmax
where: K; - is the Langmuir constant [L mg']; Cax - the maximal ini-
tial concentration of Cu?* ions, used for isothermal analysis [mg L~"].
Values of Ry, factor for all used hybrid materials for copper (II) ions ad-
sorption are collected in Table 2. Interpretation of R, factor is based on
the theory which assumes that Langmuir isotherm is: unfavorable (R,
> 1), favorable (0 < R, < 1), linear (R, = 1) or irreversible (R, = 0)
[35]. For all materials the separation factors were determined and
their values indicated favorability of the adsorption process.
For the Freundlich isotherm model, it is postulated that the adsor-
bate molecules are able to interact with each other, contributing to for-
mation of the adsorbate multilayer, which may also be a result of the
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Fig. 4. FT-IR spectra of hybrid materials SiO,-dendrimer.

assumed adsorbent surface heterogeneity [36]. The well-known linear
form of Freundlich isotherm was used for Cu?* adsorption on synthe-
sized materials (Fig. A. 5b.; SI), and it is expressed as:

1
108eq = logKr + - logceq

where: c,, - is the equilibrium Cu?* ions concentration in the solution
[mgL™"]; geq - the equilibrium amount of metal adsorbed on material,
K¢ - the Freundlich constant connected with adsorption capacity
[mgg " (Lmg')""); 1/n - the empirical coefficient characterizing het-
erogeneity of material and adsorption intensity. The linear plot of

logarithmized series is characterized with the slope and intercept,
which are the basis for determination of Krand 1/n parameters, describ-
ing adsorptive properties of the examined materials, which are listed in
Table 2.

Linear regressions of Langmuir and Freundlich isotherms are de-
scribed with two coefficients (R and 1), both are the fitting parameters
of the plots linearity. As shown in Table 2, the silica material grafted
with dendrimer 2 (SiO,-(2)) strictly follows the Langmuir isotherm
(R? = 0.9888), rather than Freundlich isotherm (R? = 0.9754). The op-
posite conclusion was drawn for the material decorated with PAMAM
dendrimer 5 (SiO,-(5)), on which the adsorption process follows
Freundlich isotherm much more favorably than Langmuir, reaching R?
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Fig. 5. Isotherms for adsorption of Cu”* ions on SiO,-dendrimer hybrid materials.
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Table 2

Adsorption isothermal parameters for binding Cu?* ions on hybrid materials SiO-dendrimer.

Hybrid material Langmuir isotherm Freundlich isotherm
K U R 5 Ry Ke n R i
[Lmg™'] Imgg') Imgg™' (Lmg™")"""]
Si0,-(2) 0.020 + 0.006 1046 + 56 09888 03681 0.0717 681+ 1.02 045 + 004 09754 00164
Si0~(3) 0.007 + 0.001 706 + 34 0.9908 0.1795 0.1808 124 +0.26 0.64 + 0.05 0.9847 0.0085
Si0,-(4) 0.013 + 0.005 629 +55 09707 1.1810 0.1062 412+ 047 042 +0.03 09788 0.0242
Si0~(5) 0.006 + 0.002 198 +22 0.9504 2.6240 02048 0.59 + 0.03 059 + 003 09882 0.0894

values at the level of 0.9882 and 0.9504, respectively. Experimental data
obtained for SiO,-(3) point to the Langmuir isotherm model (R? > 0.99),
while the adsorption process on the material functionalized with den-
drimer 4 follows partially the Freundlich and Langmuir isotherm
models, according to not determinedly high R>-values and also rela-
tively small difference between R coefficients obtained for both models
-0.9788 and 0.9707, respectively. Concluding, there is no uniform man-
ner for isothermal modeling of copper (II) ions adsorption on the ob-
tained hybrid materials. Such a differentiation might be caused mostly
by structural differences in the grafting agents, i.e. the length of used
amine chain and the presence of additional secondary or tertiary
amine groups. Dendrimer 2 contains the most compact amino-termini
(ethylenediamine), thus it readily forms only monolayer of adsorbate,
after saturation of binding sites. On the other hand, dendrimers 3 and
4 contain additional secondary and tertiary amino groups, respectively,
which might cause further interactions with Cu?* ions. However, den-
drimer 4 has terminal tris(2-aminoethyl)amine, which restrict diffusion
of adsorbate molecules inside the dendritic structure, triggered by steric
hindrance, in contrast to the straight chain of triethylenetetramine
(dendrimer 3). PAMAM dendrimer 5 containing 4,7,10-trioxa-1,13-
tridecanediamine contributes to formation of multilayer adsorbate cov-
erage, primarily by the presence of three oxygen atoms inside the termi-
nal amine-chain, which might interact with Cu?* ions, causing entering
the interior of dendritic structure. The same sequence is observed for
maximum adsorption capacities. The material modified with PAMAM
dendrimer having the most compact terminal amino-component
(Si0,-(2)) exhibited the highest adsorption capacity of 104.6 mgg ',
which could be related either to the easiest diffusion into its dendritic
structure or the highest grafting value of dendritic structures on silica
surface, affording the highest number of chelating groups. The materials
which are grafted with dendrimers containing amine-rich terminal
amino-components (triethylenetetramine - Si0y-(3); tris(2-
aminoethyl)amine - SiO,(4)) show almost the same maximum adsorp-
tion capacities 70.6 and 62.9 mg g~ ', respectively. These values are
lower than those for SiO,-(2) material, because of the steric hindrance

Table 3
Comparison of maximal adsorption capacities of adsorbents dedicated to copper (I1) ions
adsorption.

in the dendrimers used, however the dendrimers possess additional in-
ternal secondary or tertiary amine groups, able to interact with Cu?*
ions, increasing adsorption capacities. For the material SiO,-(5) the g,
value is the lowest, leveling out at 19.8 mg g ', which is related to
high steric hindrance in this compound and the lack of internal amine
groups.

Moreover, Table 3 presents a comparison of the maximal adsorption
capacities gy, of the synthesized materials and the analogous values for
other materials described in literature. Each synthesized material exhib-
ited binding capability towards Cu(1l), however the highest adsorptive
properties were determined for Si0,-(2), Si0,-(3) and SiO,-(4), which
had considerably higher affinity to metal ions, compared with the
other materials reported in literature.

3.2.2. Adsorption kinetics

To evaluate the effect of contact time between Cu?* ions and the
synthesized adsorbents, kinetics experiments were conducted, using a
5 mM copper (1I) solution, affording high excess of metal ions towards
binding domain of dendrimers. There are several kinetic models de-
scribing interactions between adsorbent and metal ions, however the
most frequently used are pseudo-first-order kinetics, introduced by
Lagergren, and pseudo-second-order, proposed by Ho and McKay [42].

The pseudo-first-order model assumes that the rate-limiting step of
adsorption process is connected with the adsorption capacity of the
used material and it follows the equation whose plot log(q.-q,) versus
t (Fig. 6) is linear:

k
l0g(q:—4,) = 0g9:— 5353t

where: g. and g, - are the amounts of metal adsorbed at the equilibrium
and time t, respectively [mg g~ ']; k; - the rate constant of pseudo-first-
order adsorption process [h~']. Nonlinear plot of the pseudo-first order
kinetics is based on the following equation, which can also be used for
prediction of the amount of metal adsorbed at the equilibrium state
(ge) (Fig. A. 6a; SI):

9= qe(l_e-k")

The obtained pseudo-first-kinetic data (Table 4) can bealso used asa
benchmark for defining the initial adsorption rate k; [mg g~' h~'] and
half-adsorption time t;» [h] (which is the time needed for binding half

Asorbeat f,:;o??rn capacty Beaene of Cu?* ions bound at the equilibrium state) calculated from the follow-
ingeq respectively:

SBA-15-3.0 PAMAM 134 [22]

Si0;-1.0 PAMAM 787 [24] i

$i0,-2.0 PAMAM 653 [24] =10

5i0,-3.0 PAMAM 180 [24]

Graphene oxide - 2.0 PAMAM 8.7 137] S In2

Graphene oxide - 2.0 PAMAM 68.7 138) ="

Cu(ll) imprinted carbon-TEPA adsorbent 333 139]

Loofah fibers 142 40] S 5 v

$i0,-5.0 PPI 460 l 4,= The pseudo-second-order kinetic model is based on the assumption

Si0,-(2) 1046 This study that the rate limiting step of adsorption is the chemical adsorption,

Si02~(3) 706 This study employing the process of sharing the exchange electrons between

5i0;-(4) 629 This study metal ion and adsorptive material [42]. Thus, the kinetics of adsorption

Si0;-(5) 198 This study a 4

on the saturation level of adsorbent at the time t, as well as the
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Fig. 6. Linear plot of pseudo-first-order kinetics for adsorption process of Cu®* ions on SiO,-dendrimer hybrid materials.

amount of metal ion diffused on the surface of the adsorbent, and it can
be expressed by the equation (Fig. A. 6b.; SI):

LI N
a0 kg g

where k, - is the rate constant for pseudo-second-order kinetics
[gmg " h™"]. Similarly as for the pseudo-first-order kinetics, the half-

sites on the materials surface. The only partly pseudo-first- and
pseudo-second-order kinetic model was proposed for the material
functionalized with dendrimer 4 (with triethylenetetramine as amino-
terminus), which could be a result of the presence of dendrimer con-
taining secondary amine groups in the amino-terminal component,
which are capable of interaction with the adsorbate.

3.2.3. Adsorption thermodynamics
T

adsorption time t;» and initial adsorption rate k; were also investigated
assuming the following equations:

1
ty2 TR

ki = kaq,?

In order to investigate the kinetic model of Cu** adsorption process
on

Si0,-dendrimer materials, the correlation coefficients R? and y?
were determined for both pseudo-first-order and pseudo-second-
order kinetic linear plots, and collected in Tables 4 and 5, respectively.
Itis clearly visible that metal ions adsorption on the synthesized mate-
rials strictly follows the pseudo-first-order model, reaching all R*-values
higher than 0.98, fluctuating between 0.9859 and 0.9964, while for the
pseudo-second-order kinetics only for one material (grafted with den-
drimer 4) the correlation coefficient R? value of 0.9874, indicating line-
arity of the plot. Therefore, the rate liming step of Cu’* adsorption on
Si0,-dendrimer materials is related to saturation of available binding

Table 4
Pseudo-first-order kinetics parameters for adsorption of Cu®* ions on SiO,-dendrimer hy-
brid materials.

e is one of the factors, which might have a significant in-
fluence on the proceeding of adsorption process. Determination of stan-
dard enthalpy (AH®), standard entropy (AS°) and Gibbs free energy
(AG”®) changes are necessary for characterization of thermodynamic as-
pects of copper (I1) ions adsorption on silica-based hybrid materials. In
order to determine AH® and AS® parameters, the following equation
was used:

where: T - is the temperature [K]; R - the universal/ideal gas constant
(8314 mol ' K™ '); K4 - the distribution coefficient, defined as the
ratio between ion metals bound to adsorbentand remaining in solution:

C,
Ky=-2
Ce

where ¢4, and ¢, - are the equilibrium concentrations of the adsorbed
metal [mg g~ '] and the metal in solution [mg L], respectively. The

Table 5
Pseudo-second-order kinetics parameters for adsorption of Cu?* ions on hybrid materials
Si0,-dendrimer.

Hybrid material Pseudo-first-order Hybrid material Pseudo-second-order

ky 3 X ki tiz ka2 ¥ ki tiz

h~'] Imgg 1h'] [h] lgmg™'h7) Imgg 1h~"] [h]
Si0~(2) 0.078 4+ 0.001 09964 00026 962+ 032 889+ 001 Si02-(2) 0.0017 4 00003 0.7841 0.0935 1106+ 195 729+ 129
Si0(3) 0.037 + 0001 09886 00682 163+005 1878 +0.26 Si0,-(3) 0.0024 4- 00006 0.7894 1.4492 467 + 1.17 945 4236
Si0~(4) 0.182 + 0006 09859 00235 629+0.10 3.81+002 Si0,-(4) 0.0096 + 0.0010 09874 0.0075 24.81+258 2.05+021
Si0~(5) 0.136 + 0003 09918 00200 147 +004 5.10+032 Si0,-(5) 00112400020 04212 22174 132+024 824 +147
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Fig. 7. Plot characterizing the thermodynamics of Cu** adsorption process on SiO,-dendrimer materials.

values of AS® and AH® were determined from the intercept and slope of
the linear plot In K4 versus 1/T, respectively (Fig. 7). The obtained K4
values were further used for the calculation of particular Gibbs free en-
ergies from the relation:

AG = —RT InKq

All calculated values, describing the thermodynamics of Cu?* ad-
sorption process on materials SiO,-dendrimers are listed in Table 6, pro-
vided with R? and y? linear correlation coefficients.

According to the experimental results, the adsorption of Cu?* ions
on each material is an endothermic process, as indicated by positive
values of standard enthalpy. Positive, and relatively high, values of AS®
are a consequence of increase in randomness on the solid-solution in-
terface, induced by progressive adsorption process.

The Gibbs free energies calculated for each adsorptive material,
reached negative values, indicating the spontaneity of Cu?>* adsorption
in the whole range of temperatures. The lowest values were calculated
for Si0,-(2) grafted with ethylenediamine-containing PAMAM dendri-
mer, however the highest values indicating the least intensive and
least spontaneous adsorption were obtained for silica-based SiO,-(5),
while the other materials grafted with dendrimers 3 and 4 gave the
values in-between. The differences between the obtained data are re-
lated to the amino-termini component of obtained dendrimers, used

as functionalizing agent for silica. The size and structural features (the
presence of secondary and tertiary amine groups and oxygen atoms) af-
fect the degree of surface grafting and the possibility of adsorbate diffu-
sion inside the dendritic structure. Therefore, they influence the
spontaneity of copper (II) ions binding to hybrid materials. Moreover,
for each sample, AG® values increase with increasing temperature,
which points to the endothermic character of adsorption process, as
has been already indicated by the standard enthalpy resulits.

4. Conclusions

New hybrid materials consisting of silica platform and various poly
(amidoamine) dendrimers as grafting agents were synthesized and
tested for adsorption of Cu®* ions from water solutions. Four dendrimers
were synthesized using tris(2-aminoethyl)amine as the core amino-
component, methyl acrylate as the elongating agent and four structurally
diverse amines: ethylenediamine (2), triethylenetetramine (3), tris(2-
aminoethyl) amine (4) and 4,7,10-trioxa-1,13-triedecanediamine (5)
as the terminal amino-components. Grafting of the synthesized
dendrimers was achieved by the reaction of isocyanate-groups on silica
surface with terminal amine group of dendritic structures. The obtained
materials were characterized and then used as adsorbents of Cu?* ions
under slightly acidic conditions. Adsorption isotherms of metal ions on
the prepared materials provided the information on their maximal

Table 6
for ion of Cu”* ions on hybrid materials SiO,-dendrimer.
Hybrid material AH® As° R? I T AG”
[kj mol~"] K mol~" K] K] [kj mol~']

Si0,-(2) 40.37 + 075 0.161 4+ 0.002 0.9997 0.0001 301 —7.98 + 0.03
313 —9.96 + 0.03
328 —1231 +0.04

Si0x~(3) 2220 +4.79 0.097 + 0.015 0.9555 0.1151 301 —491 +0.02
313 —17.76 + 0.02
328 —10.02 +0.03

Si0,-(4) 51.78 + 7.82 0.189 + 0.025 0.9777 0.1821 301 —6.90 + 0.02
313 —842+0.03
328 —9.53 + 0.03

Si0,~(5) 69.48 + 10.07 0.236 +- 0.032 0.9794 02343 301 —1.57 + 0.01
313 —5.17 £ 0.02
328 —7.98 + 0.02
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adsorption capacities, reaching values between 19.8 and 104.6 mgg '
Also kinetic and thermodynamic studies of adsorption process were con-
ducted. Metal ions adsorption on all materials was found to be an endo-
thermic and spontaneous process, following mainly the pseudo-first-
order kinetic model. However, the differences between the calculated
values describing particular materials were easily visible, which are re-
lated to the structural variety of used terminal amino-component,
influencing the character of the adsorption process.

Nevertheless, three materials: SiO2-(2), Si0O,-(3) and SiO,-(4) were
proved to be effective adsorbents of Cu?* ions, thus they could be highly
effective adsorbents for not only other heavy metal ions, such as Ni** or
Co®*, but also various toxic compounds, which may be bound to mate-
rials through either electrostatic or hydrogen bonds. These three mate-
rials (Si0,-(2) - SiO,-(4)) may lead to the novel tool for removal or pre-
concentration of particular analytes in radically diluted solutions, with
further analytical techniques such as el | analysis or X-ray fluores-
cence spectroscopy. Moreover, low toxicity of synthesized materials may
be a key feature allowing the studies of adsorption/desorption of bioactive
compounds, aiming at designing novel platforms for direct transport of
drugs.

To sum up, the materials are of potential wide use, which is related
to much further investigation our team intends to undertake.
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1. Structures of utilized amines
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Figure A.l. Structures of: (A) ethylenediamine, (B) 4.7,10-trioxa-1,13-tridecanediamine,
(C) tris(2-aminoethyl)amine and (D) triethylenetetramine.

2. The 'H-NMR spectra of synthesized dendrimers
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Figure A.2a. '"H-NMR spectrum of dendrimer containing tris(2-aminoethyl)amine as amino-
terminal component
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Figure A.2b. '"H-NMR spectrum of dendrimer containing triethylenetetramine
terminal component
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Figure A.2c. '"H-NMR spectrum of dendrimer containing 4,7,10-trioxa-1,13-tridecanediamine

as amino-terminal component
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3. The '3C-NMR spectra of synthesized dendrimers
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Figure A.3a. *C-NMR spectrum of dendrimer containing tris(2-aminoethyl)amine as amino-
terminal component
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Figure A.3b. *C-NMR spectrum of dendrimer containing triethylenetetramine as amino-
terminal component
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Figure A.3c. '*C-NMR spectrum of dendrimer containing 4,7,10-trioxa-1,13-tridecanediamine
as amino-terminal component

4. The ESI-MS spectra of synthesized dendrimers
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Figure A.4a. ESI-MS positive spectrum of dendrimer containing tris(2-aminoethyl)amine as

amino-terminal component
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Figure A.4b. ESI-MS positive spectrum of dendrimer containing triethylenetetramine
as amino-terminal component
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Figure A.4c. ESI-MS positive spectrum of dendrimer containing 4,7,10-trioxa-1,13-
tridecanediamine as amino-terminal component
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5. The Langmuir and Freundlich isotherms for adsorption of Cu?* ions on
SiO2-dendrimer hybrid materials

* Si0-2)
40 x Si0-(3)
* Si0,-@)
4 Si0-(5)

30

20 -

-1
c“l/q«l [gL7]

10

a

T T
0 200 400 600

)
¢, gL

Figure A.5a. Langmuir isotherms for adsorption of Cu”* ions on SiO>-dendrimer hybrid
materials
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Figure A.5b. Freundlich isotherms for adsorption of Cu?* ions on SiO>-dendrimer hybrid
materials
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6. Kinetic plots depicting nonlinear pseudo-first-order model and pseudo-second-order
models for adsorption of Cu?* ions on SiO2-dendrimer hybrid materials
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Figure A.6a. Nonlinear plot of pseudo-first-order kinetics for adsorption of Cu®** ions on
SiOz-dendrimer hybrid materials
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Figure A.6b. Pseudo-second-order kinetic plot for adsorption of Cu®* ions on SiO»-dendrimer
hybrid materials
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ABSTRACT KEYWORDS

Many techniques of metal ions removal have been already implemented; Hybrid materials; PAMAM
however, there is still need for novel, efficient, and non-toxic adsorbents ~ dendrimers; heavy metal
dedicated to heavy metals. In a recent study, the adsorptive properties of ~[ons; adsorption; scavengers
four hybrid materials consisting of silica platform surface grafted with poly-

(amidoamine) dendrimers (PAMAM) with different amino-terminal compo-

nents, toward two heavy metal ions: Ni(ll) and Co(ll), were examined. The

materials showed maximal scavenging properties at pH 5.4. To determine

the adsorptive nature of the hybrid materials, experimental isotherms were

fitted by the Langmuir, the Freundlich, and the Dubinin-Radushkevich

models. All materials exhibited adsorption capability best described by

the Langmuir model. The calculated adsorption capacities g, ranged

between 86.7 and 116.6 mg g~' for Ni(ll) ions and 32.8 and 101.1 mg g~*

for Co(ll) ions, which strictly indicate the influence of grafting agent struc-

ture on adsorptive properties of hybrid materials. The values of mean free

energy E and adsorption enthalpy AH® jointly indicated the physical nature

of adsorption processes. From the thermodynamic studies, the values of

AH®, AS°, and AG® were obtained, indicating the spontaneous and endother-

mic character of investigated Ni(ll)/Co(ll) metal ions adsorption process on

SiO,—-dendrimer hybrid materials. Moreover, the materials exhibited selec-

tivity toward Ni(ll) ions.

Introduction

Increasing industrialization and a positive rate of natural increase have the greatest impact on
contamination of the natural environment with heavy metals, which come mostly from metallurgical
industry, combustion of contaminated fuels, batteries manufacturers, and chemical or electroplating
industries.!"! The main concern about the appearance of cadmium(II), mercury(Il), copper(Il),
nickel(IT), cobalt(II), and lead(II) ions in the environment is connected with their non-
degradability and high toxicity. Once absorbed into the soil, they enter the food chain including
plants, animals, and humans. Although, the acute metal ions poisoning is very rare, permanent
accumulation of the metal ions present even at trace concentrations may lead to many diseases
triggered by e.g. kidney, liver, nervous, and circulatory systems or even brain damages.!"? Hence,
incorporation of novel, efficient, low-cost, time, and energy efficient methods for the removal of
heavy metals has become a high priority for environmental protection research.

Up to now, many techniques for removal of heavy metal ions from water samples have been
proposed. They employ precipitation of metal hydroxides or sulfides, electrocoagulation, mem-
brane filtration, electrodialysis, and photocatalysis.*'') However, a significant attention is paid to

CONTACT Mateusz Pawlaczyk 8 mateusz.pawlaczyk@amu.edu.pl @ Faculty of Chemistry, Adam Mickiewicz University in
Poznan, Uniwersytetu Poznanskiego 8, Poznar 61-614, Poland

Q The supplemental data for this article can be accessed here.
© 2020 Taylor & Francis Group, LLC
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the use of various novel and non-toxic adsorbents, including such systems as industrial wastes (fly
ash, scoria, sludge, etc.),"" modified metal oxides nanoparticles,“s_'g] metal-organic
frameworks,?*?!! and also natural materials or biomass.'*>"2°! Furthermore, the most numerous
group of efficient adsorbents are hybrid materials, which can be classified as the materials
combining a solid platform (silica-gel, titania, carbon nanotubes, metal surface, halloysite nano-
tubes, polymeric resins, biopolymers, etc.) with various organic structures such as chelating agents,
Schiff’s bases, surfactants, carboxylic acids, sugar, and protein domains or dendrimers, leading to
highly efficient, easily separable, easily accessible and relatively cheap adsorbents, finding applica-
tion in removal of heavy metals, organic dyes and organic toxins.!*” -]

A highly interesting group of adsorbents dedicated mostly for the removal of toxic metal ions is
ion-exchange resins, which are cross-linked polymeric chains with covalently attached functional
groups affording binding of particular ionic entities through electrostatic interactions or
coordination.****! The most extensively used monomer for ion-exchange resins synthesis is poly-
styrene (PS), undergoing cross-linking process using divinylbenzene (DVB), while attached surface
groups are usually sulphonic residue and iminodiacetic acid (IDA) moiety. An ion exchange between
H'/Na" ions on virgin resin and metal ions in a solution is provided by electrostatic interaction
between sulphonic group and metal cations, while IDA moieties may interact with metal cations
through electrostatic interaction afforded with two carboxylate groups and coordination by nitrogen
lone pair electrons. There is a plethora of commercially available resins including various types of
Dowex®, Amberlite®, Purolite®, Ceralite® or Lewatit® resins, varying in matrix type, functional groups
type (weak/strong acidic or basic groups), exchange capacity, size, range of operating pH and
temperature, and particle size.*! Nevertheless, many attempts of toxic metals adsorption studies
using ion exchangers have been conducted. Several virgin resins have been tested for their adsorptive
properties toward metal ion pollutants, achieving satisfactory results at 111, 66, and 42 mg g~' for
Zn(II), Cu(II), and Ni(II), respectively, or >95% removal of Co(II), Ni(II), and Cr(III) after
100 minutes of contact time.*>*! Also, Lewitat® TP 207 resin containing IDA pendant groups
has been studied for its capabilitly of Fe(II) ion recovery from the Fenton’s treatment of winery
effluent at the level of 63 mg g~".1**!

To improve the rate of ion exchange, several modification of bare resins were introduced, such as
dispersing of iron(IIT) oxide nanoparticles or polyethyleneimine clusters within resin matrix, and
surface modification with Crystal Violet dye, di(2-ethylhexyl)phosphoric acid (D2EHPA), amino-
methylphosphoric acid, L-methionine or N-methylglucamine.'***®! The dispersion of metal ion
binding enhancing agents elevated Mn(II), Cr(VI), and Cu(II) adsorption capacity to 831, 29, and
99 mg g", respectively, while surface functionalization enhanced Co(II), Ni(II), and Cu(II) binding
with final adsorption efficiencies of 167, 83, and 71 mg g, respectively. Moreover, in order to assess
the ion exchange resins’ utility as purifying materials of industrial wastewaters, there is a need for
adsorption experiments implementing the fixed-bed method. For instance, a resin containing
sulphonic pendant groups was utilized as column fillings for purification of Pb(II), Ni(II), and
Zn(1I) aqueous solution.*”! The study revealed the adsorption capacity values of 100, 12, and 15 mg
g™! for given ions, respectively. Also, two resins with the same -SO;~ surface groups were demon-
strated to achieve 97% removal of Ni(II) from real wastewater samples, as well as for high adsorption
capacity of ciprofloxacin (a basic antibacterial therapeutic containing piperazine ring in its structure)
ranging between 410 and 497 mg g”', highly depending on a concentration of HCI as regenerating
agent used."*®*! Such efficiently adsorbing polymeric systems also found application in removal of
toxic metal complexes with 1-hydroxyethylene-1,1-diphosphonic acid (HEDP; a detergents’ compo-
nent) or tetrasodium salt of N,N-bis(carboxymethyl)glutamic acid, as materials for ClI", NO;~, SO42',
[Fe(CN)6)>, [Fe(CN)g]* anions or ammonia removal, as well as tasteless carriers of Fe(II) ions
dedicated for children with ferrous ion deficiency. ™"~

Another interesting group of materials finding application especially in toxic metal ions
removal are ion-imprinted polymers (IIP) and cross-linked biopolymers with possible ion
imprinting. A technique of ion imprinting allows for creating of selective recognition cavities
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using a particular ion as a template molecule which is accessible for both synthetic and biological
polymers. The selectivity is strictly connected with size, charge, and coordination chemistry of
the target ion.*®! For example, a polymer obtained using 2-hydroxyethylmethacrylate, complex
of Ni-vinylbenzoate and ethylene glycol dimethacrylate (EGDMA) exhibited high adsorption
capacity toward Ni(II) ions of 89 mg g'l and high selectivity toward Zn(II), Cu(II), and Co(II)
ions.*”! The ion-imprinting technique also was introduced during chitosan cross-polymerization
with glutaraldehyde, epichlorohydrin, aminobenzaldehyde or anthranilic acid-glutaraldehyde
Schiff’s base. Obtained chitosan-based IIP exhibited efficient adsorption capacities toward
particular ions, good selectivity coefficients, and high reusability.”*®!! On the other hand, non-
imprinted cross-linked biopolymers may be highly adsorbing materials toward metal ions;
however, their selectivity coefficients decrease, as a consequence of the absence of a templating
ion. Nevertheless, chitosan cross-linked by 2-aminopyridine-glyoxal Schiff’s base was confirmed
for adsorption of Cu(II), Ni(II), and Cd(II) ions with maximal rates of 124, 67, and 87 mg g_l,
respectively, while magnetite nanoparticles encapsulated in cross-linked chitosan by diacetylmo-
noxie was proved for 95, 65, and 47 mg g"| adsorption capacities toward Cu(II), Co(II), and
Ni(II) ions, respectively.!®**] Moreover, lignosulfonate condensed with 5-hydroxymethylfurfural
gave an efficient biopolymer-based adsorbent dedicated toward Cu(II), Pb(II), Ni(II), Cd(II), and
Cr(I11) ions.**

Classical inorganic-organic hybrid materials based on inorganic supporter surface functiona-
lized with organic residues may be represented by silica particles grafted with poly(amidoamine)
(PAMAM) dendrimers. This kind of highly-branched, symmetric macromolecules built of amine
core surrounded by amido-amine branches (dendrons), usually with repetitive building blocks, is
one of the most extensively explored dendritic families. A synthetic protocol involves repetitive
Michael addition of methyl acrylate to terminal amine groups and its subsequent amidation using
an appropriate amino-functional group, leading to multiple branching levels, called generation
Gn, which equals the number of Michael addition-amidation cycles. For amino-terminated
dendrimers n takes the value 1, 2, 3, etc., while for ester-terminated 0.5, 1.5, 2.5, etc. The
structural features of PAMAM dendrimers, which are the numerous amide and primary amine
groups, afford the capability of various molecules binding. Immobilization of poly(amidoamine)
dendrimers on a solid support does not alter the binding effectiveness of bare dendrimers, which
leads to a versatility of the PAMAM-functionalized materials analytical applications.

There are two synthetic approaches for functionalization of supporter surface with dendrimers: (1)
‘grafting from’ approach, which is based on the repetitive Michael addition and an amidation step
performed on the surface amine-functionalized supporter particles; and (2) ‘grafting to’ approach, which
is based on the anchoring of a ready-made dendrimer to the supporter surface via isocyanate-, glycidoxy-
or chloro-terminated linker. Although the ‘grafting from’ approach is a less demanding solid-phase
synthesis, it leads to a formation of the materials functionalized with dendrimer-like structures (PAMAM
dendrons); using ‘grafting to’ approach the fully dendritic character of grafting agent is maintained. No
matter which synthetic approach used, host-guest complexes between this kind of dendrimers on the
material surface and particular analytes may be formed via three different interaction models: (a)
electrostatic interactions between protonated terminal primary amine groups and acidic analytes, such
as simple and complex anions, acidic biocompounds, acidic dyes, or nucleic acids; (b) chelation of metal
cations via coordination through amide -NH-C(O)- and amine NH-R, (R = C, H) groups by poly-
dentate coordination; (c) cation exchange between weak acid iminol resonance form of amide bond
(O=C-N(H)-R <> "O-C=N"(H)-R) and cationic species. Accordingly, PAMAM-functionalized hybrid
materials may be applied as generally described sorbents, including solid-phase extraction systems
dedicated to various analytes such as organic solvents residues in edible oils, phenol and its chloro-
derivatives or inmunoextraction of male human hormones present in urine samples, metal cations and
organic dyes pre-concentration tools, drug and gene delivery platforms, catalysts of various chemical
reactions, or column chromatography ﬁllings.lﬁs“m
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Interestingly, biomedical application of non- or slightly in vivo toxic silica particles with immo-
bilized PAMAM dendrimers with varying generation, i.e. branching level, is based on the adsorption
of bioactive agents through electrostatic interactions with their further release under paraphysiolo-
gical conditions. For example, silica nanoparticles grafted with APTES as a linker and PAMAM
dendrimers with generation varying between GO and G3 were tested for their adsorptive properties
toward model drug - curcumin.'”? The materials showed curcumin loading efficiency at 31.3%,
while its release in slightly acidic solution with pH 5.0 reached 40% in 24 hours. Also, a similar
material was tested for its binding efficiency toward diclofenac, ibuprofen and ketoprofen as
representatives of barely water-soluble nonsteroidal anti-inflammatory drugs (NSAIDs), which
adsorption capacity reached 116, 137, and 127 mg g™', respectively.”!! Moreover, Fe;0,/SiO,
components grafted with PAMAM dendrimers varying in branching level and aminocomponents
used were applied as platforms for immobilization of Candida rugosa lipase.””’ The immobilized
enzyme showed 68% of its starting catalytic activity after seven use/regeneration cycles. Also, the
highly basic character of PAMAM dendrimers, owing to the numerous primary amine surface
groups, affords their easy tunability. Therefore, incorporation of different residues, e.g. RGD-
peptide as targeting peptide domain, folic acid as targeting molecule toward its over-expressed
receptors on a surface of cancer cells, N-diazeniumdiolate residue as NO-release precursor, FITC
(fluorescein isothiocyanate) as labeling agent and other various adsorption enhancing molecules, is
easily accessible and economical.”®"7*

Thanks to many beneficial properties, which include high thermal and mechanical stability,
simplicity in separation and storage, and non-dissociative character, the silica-poly(amidoamine)
dendrimer hybrid materials have found broad application as adsorbents dedicated especially to heavy
metal ions. A pioneer of metal ions adsorption on poly(amidoamine) dendrons-grafted silica
materials, synthesized via ‘grafting from’ approach, is Qu, who conducted one of the first studies
aiming to investigate adsor[Jtive properties of either amino- or ester-terminated materials toward
noble and base metals ions.*”’ The comprehensive study permitted determination of the materials’
saturated adsorption capacities toward noble metals ions: Au(III), Pd(II), Pt(IV), and Ag(I), and
basic metals ions: Cu(II), Zn(II), Hg(II), and Cd(II) in their aqueous solutions. The main conclusion
indicated that the binding affinities depended on differences between complexation constants of
ester-metal ion and amine-metal ion, and the size of solvation layer of particular ions (some of them
might exist as polyatomic ions). It is evident that a metal ion’s ability to disperse within the dendritic
matrix diminishes with increasing size, thus lowering the adsorption capacity. These results have
prompted the exploration of binding capability of silica-dendrimer hybrid materials toward various
metal ions. A series of ethylenediamine-containing G0.0-G4.0 PAMAM-grafted silica materials has
been described as efficient adsorbents toward Mn(I1), Cd(II), Pb(II), Pd(II), and Cr(III) ions from
their aqueous solutions, which were evaluated for 0.78, 1.18, 0.80, 1.01, and 0.78 mmol g"' maximal
adsorption capacities, respectively, highlighting differences between sorption capability of amine-
and ester-terminated materials.'*' ") Another study concerned the dependence of materials’ adsorp-
tive properties on the amine used. Au(IIl) ions were tested for their adsorption on the materials
containing diethylenetriamine (DETA) or triethylenetetramine (TETA) as terminal amine, reaching
high adsorption capacities at the level of 1.97 and 2.18 mmol g, respectively.***”) The observed
very high adsorption rate has been proved established as resulting from the electrostatic interaction
between highly basic PAMAM dendrimers and AuCl,~ ions — complex anions of Au(III) in aqueous
solutions. The same conclusion was observed for the adsorption experiments of these ions on the
materials grafted with G1-G3 dendrimers containing classic ethylenediamine component, which
gave maximal adsorption capacity at 2.45 mmol g.[*¥]

Furthermore, heavy metal ions removal is also a necessity for purification of ethanol fuel in
order to prevent their emission into environment, but also to prevent their harmful influence on
the engine and to avoid undesirable reactions with fuel components. For instance, adsorption of
Ni(II), Hg(II), Cu(II), Co(II), and Fe(III) has been performed on SiO,~PAMAM materials with
grafted dendrimers of different generations, concluding that the highest adsorption capacity of
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0.92, 1.39, 0.97, 1.00, and 0.66 mmol g~', respectively, is reached for less branched G1 and G2
generations.[”'”] Nevertheless, not only aqueous or ethanol solutions are considered to be
contaminated with metal ions. In 2018, two reports have been published, whose authors aimed
to investigate removal of Fe(IIT) and Ag(I) ions from N,N-dimethylformamide solution and also
Cd(II) and Fe(III) ions from dimethyl sulfoxide solutions using silica-PAMAM dendrimer materi-
als. The materials showed the adsorption capacity at 0.62 mmol g™' for both ions in DMF solution,
while lower values 0.28 and 0.16 mmol g™' for cadmium and ferric ions, respectively, were
achieved in DMSO solution, indicating the influence of solvent on adsorptive properties of
synthesized materials.”**%!

There were also several attempts for enhancing the metal ions adsorption on hybrid materials by
a further functionalization of surface-grafted dendrimers. For instance, methyl isothiocyanate
(MITC) was incorporated to terminal amine groups of G0-G2 PAMAM-grafted increasing Ag(I)
and Hg(Il) rate of removal from aqueous and ethanol solutions.”*~*! Moreover, various SiO,-
PAMAM functionalized with 5-sulfosalicylic acid, salicylaldehyde, or thiomalic acid were considered
to be the effective materials for adsorption of Hg(II), Ag(I), or Pb(I1).1190-102] 1 g interesting to note
that there is a very few reports aiming ‘grafting to’ apﬁ)roach for the obtaining of dendrimer-grafted
adsorbents dedicated to Pb(II) and Cu(II) jons.[103:104

In a recent study, we proposed the synthesis of silica-based hybrid materials modified with
PAMAM dendrimers on their surface, using ‘grafting-to’ synthetic approach, which allowed the
maintenance of fully dendritic character of the modifier. Dendrimers containing tris(2-aminoethyl)
amine as the amine core and different terminal amino-components were used as grafting agents. The
obtained SiO,~PAMAM hybrids were examined as adsorbents toward Ni(II) and Co(II) ions from
their aqueous solutions. The choice of these two cations was based on their widespread contamina-
tion in metallurgic industries wastewaters, especially during electrogalvanization. Moreover, the
structure of PAMAM dendrimers determines their usability as the effective Cu(II) ions scavenger
(stability constant of [Cu(PAMAM)H,4]** system reaches 1042).['05] Therefore, characterization of
dendrimer-functionalized silica-based materials might be essential for designing of novel materials
dedicated to various polluting metal ions. To describe the influence of functionalizing the agent’s
grafting on the adsorptive properties of particular materials, the isothermal, kinetic, and thermo-
dynamic studies were performed. Also, the selectivity of each material toward Ni(II) and Co(II) ions
was established.

Materials and methods
Materials

The silica-gel surface-modified with isocyanate groups (SiO,-NCO) was purchased from SiliCycle
Inc. (Quebec, QC, Canada). According to Certificate of Analysis, size of particles ranged between
40 and 63 pm, molecular loading - 1.33 mmol/g, surface coverage - 3.12 pmol/m? specific,
surface area — 482 m?/g, pore diameter — 59 A, and pore volume - 0.71 ml/g. All purchased
reagents and solvents were used without any further purification. Nickel(IT) perchlorate hexahy-
drate Ni(ClO,), x 6H,0, cobalt(II) perchlorate hexahydrate Co(ClO,), x 6H,0, methyl acrylate,
tris(2-aminoethyl)amine, 4,7,10-trioxa-1,13-tridecanediamine, triethylenetetramine, and ethylene-
diamine were purchased from Sigma-Aldrich (St. Louis, MO, USA). All the commercially
available pH buffers (pH 1 and 2: HCI/KCI buffers; pH 3: sodium citrate/K,HPO, buffer; pH
4 and 5: AcOH/AcONa buffer; pH 6: KH,PO4/K,;HPO, buffer) were purchased from Eurochem
(Tarnow, Poland). Acetic acid was obtained from Chempur (Piekary Slaskie, Poland), sodium
acetate trihydrate and dichloromethane (purity grade p.a.) were purchased from Eurochem BGD
(Tarnow, Poland). Methanol, diethyl ether, and isopropanol of the purity grade p.a. were
obtained from POCH (Gliwice, Poland). Deionized water was used for preparation of all aqueous
solutions.
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Instruments

The FT-IR spectra of the silica-PAMAM materials were recorded on a Bruker IFS 66/s spectrometer
(Billerica, MA, USA) at the wavelength in the range of 400-4,000 cm™! with resolution set at 2 cm ™.
The samples were prepared by dilution of 1-1.5 mg of material in KBr. The equilibrium concentra-
tions of metal ions in samples were determined by spectrophotometric measurements, using Agilent
8453 UV-Vis spectrophotometer. The XRF spectra were produced on a PANalytical MiniPal2 X-Ray
Fluorescence (XRF) spectrometer equipped with a rhodium X-ray vacuum tube under given condi-
tions: Al-filter used, time of the analysis: 600 s; X-ray tube voltage: 18 kV, and current generated in

the electron beam was varying between 318 and 500 pA.

Synthesis of hybrid materials SiO,-PAMAM

Hybrid materials SiO,-(1) - SiO,-(4) were obtained by the ‘grafting-to’ approach reported in our
previous study.''**) PAMAM dendrimers containing tris(2-aminoethyl)amine as the amine core were
obtained by the two-step synthesis, including the branching step performed by Michael reaction
between the amine core and methyl acrylate, and subsequent amidation using four structurally
different amines: ethylenediamine, tris(2-aminoethyl)amine, triethylenetetramine, and 4,7,10-trioxa
-1,13-tridecaneamine. They were labeled as dendrimers 1, 2, 3, and 4, respectively (Figure 1). The
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Figure 1. Structures of dendrimers 1-4 used as the grafting agents for the hybrid materials SiO,~dendrimer.
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Figure 2. The synthetic route for obtaining of SiO,—dendrimer materials on the example of SiO,-(1) material.

obtained dendrimers were introduced onto silica surface by the reaction between terminal free amine
groups of the dendrimers and isocyanate groups anchored to the silica-gel (Figure 2).

Adsorption experiments

Influence of pH on adsorptive properties

To investigate an influence of pH on the Ni(II) and Co(II) adsorption processes on the hybrid
materials, the general following procedure was adopted: 10 mg of material was immersed into 10 mL
of Ni(II)/Co(IT) 15 mM solution in commercially available buffer solutions with pH at 1, 2, 3, 4, 5
and 6, and also prepared acetic acid/sodium acetate buffer solution at pH 5.4. The mixtures were
shaken for 24 h at room temperature. Afterwards, the adsorptive materials were filtered off and the
equilibrium concentrations of Ni(II) or Co(1I) ions in solutions c,, [mg L™'] were determined using
spectrophotometric measurements, at 393 nm or 513 nm, respectively. The amounts of the metals
adsorbed g., [mg g'] were calculated using the following equation:

D= (CO - ch) -V
eq 0
where: ¢, - the initial metal ions concentration [mg L™']; m — the mass of the hybrid material sample

[mg]; V - the volume of ions solution [mL].

Adsorption isotherms
To prepare stock solutions of both metal ions, 2.194 g of Ni(ClO,4), x 6 H,0 or 2.223 g of Co(ClO,),
x 6 H,O were dissolved in 200 mL of acetic acid/sodium acetate buffer solution at pH 5.4. To
prepare each isotherm, 10 mg of SiO,~-PAMAM material was immersed into 1, 2, 5, 10, 15, 20, and
30 mM solutions of Ni(II) or Co(II) ions. The mixtures were shaken for 24 h at room temperature.
The equilibrium concentration ¢, of the metal ions in solutions and the amount of the metal
adsorbed g, were determined in the same manner as described in the previous section.
The experimental data of isothermal studies were fitted to Langmuir and Freundlich isotherm
models. The Langmuir model is described by the equation below:

Cq _ Ceq 1
g Gm  qmKiL

where: g, [mg g™'] - the maximal adsorption capacity of a material toward adsorbate; K; — the
Langmuir constant connected with adsorption energy [L mg™']. Langmuir adsorption isotherm
model also allows the calculation of a dimensionless separation coefficient R; [-]:

82



8 (© M.PAWLACZYK AND G. SCHROEDER

1

Rp=——7—
= 1+ Kicmax

where: ¢4 — the maximal starting concentration of the metal ions in the solution investigated for
isothermal studies [mg L™']. Experimental data were also fitted to Freundlich adsorption isotherm,
which is expressed with the following equation:

1
log qeq = log Kr + ;]og Ceq

where: Ki - the Freundlich adsorption constant associated with the adsorption capacity [mg g™'
(L mg™")""); 1/n - the empirical constant, which corresponds to the intensity of adsorption process
and heterogeneity of adsorbent’s surface. Also, in order to determine the physical or chemical
character of investigated adsorption processes, the Dubinin-Radushkevich isotherm model was
employed, whose linear form is:

Inge; =Ing,, — /352

where: 8 - the activity coefficient strongly depended on adsorption capacity [mol® J*], & — the
Polanyi potential [-], obtainable as ¢ = RT - In(1 + 1/c,,). The calculated B values were further used
for the calculation of mean free energies, E [k] mol™'] as follows:

1

V-28

j I

Adsorption kinetics

To perform kinetic studies, the general procedure was: 20 mg of SiO,~PAMAM adsorbents was immersed
in 20 mL of 15 mM metal ions solutions and shaken at room temperature. At pre-set time intervals, the
amount of the metals adsorbed on the materials was determined using the equation given below:

(0—a)-V

q = =

where: g, - the amount of the metal adsorbed at time ¢ [mg g™']; ¢, - the initial concentration of

metal ions in solution [mg L™'; ¢, - the concentration of metal ions in solution after time ¢ [mg 7Y

V - the volume of added metal ions solutions [mL]; m - the mass of samples [mg].

The pseudo-first-order and pseudo-second-order kinetic models were used for fitting of obtained
experimental data. The pseudo-first-order model is described by the following equation:

ky
log(ge — q) = logge — 55>t
where: g, and g, - the amount of the metal adsorbed at the equilibrium state and after time t,
respectively [mg g~']; k; - the pseudo-first-order kinetics rate constant [h™']. Calculated pseudo-first
-order kinetic rate constants k, [h™'] were further used to determine the initial adsorption rate k;
[mg g~' h™'] from the equation:
ki= quc
The linear form of the pseudo-second-order kinetic model is expressed with the following equation:
S SN
qt k2q(’z qe
where: k, - the pseudo-second-order rate constant [g mg™' h™']. The obtained k, values were also

used to determine the pseudo-second-order half-adsorption time t,,, [h] and the initial adsorption
rate k; [mg g~' h™'], using the following expressions, respectively:
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1
ty = qu

ki= kzqc2

Adsorption thermodynamics
Thermodynamic studies were performed according to the following general procedure, which
involved introducing of 5 mg of SiO,-PAMAM adsorbents into 10 mL of 15 mM metal ions
solutions. The samples were stirred in aqueous solutions for 24 h at given temperatures:
301 £ 1 K, 313 £ 1K, and 328 + 1 K, to reach equilibrium state. The equilibrium amount of the
metal ions adsorbed q., were found in the same way as in the influence of pH studies.
The experimental data were fitted to the equation given below, in order to determine the
thermodynamic coefficients:
AS°  AH°
InK; = R RT

where: AS° - the standard entropy [J mol™" K™']; AH® - the standard enthalpy [k] mol™']; T - the
solution temperature [K]; R - the universal gas constant (8.314 | mol™" K™'); K; - the distribution
coefficient which corresponded to the ratio of the amount of the metal adsorbed c4. [mg g™'] and the
metal concentration that remained in the solution after reaching the equilibrium state ¢, [mg L™']:

Ce

The calculated distribution coefficients K; were also used to find out the standard Gibbs free energies
AG® [k] mol™'], according to the equation given below:

AG® = —RTInKy4

Adsorption selectivity

The determination of adsorption selectivity was based on the adsorption experiment in binary
system, i.e. solution containing Ni(II) and Co(II) ions. The general procedure involved immersing
of 10 mg of the hybrid materials into 10 mL of solution containing both metal ions at concentration
15 mM. The samples were shaken for 24 h at room temperature. Afterwards, the equilibrium
amounts of the metals adsorbed g., were determined in the same manner as described in the
‘Influence of pH on adsorptive properties’ section.

Results and discussion

In 2014, Camarada et al. have postulated that the mechanism of bivalent metal cations binding to
poly(amidoamine) dendrimers is based on the tri- or tetradentate coordination through nitrogen
atoms of either amine or amide domains, and/or through oxygen atoms of amide domains, to metal
ions.!"%! Incorporation of additional atoms capable of coordination to metal cations, such as sulfur,
may enhance binding abilities of materials functionalized with PAMAM-derivative, which was
proved by DFT calculations revealing G1-PAMAM-MITC as a pentadentate ligand coordinating
with Hg(II) ions.””®! Therefore, the mechanism of metal adsorption/extraction from their aqueous
solution by SiO, materials grafted with poly(amidoamine) dendrimers may be classified as neutral
extraction via coordination of PAMAM-residues to metal cations. Such a phenomenon is known to
be counter ion-dependent, thus the choice of metals anions is an important issue having an impact
on the adsorption experiments.

Among all the most widely used counter ions of metal cations undergoing adsorption, perchlorate
ClO, is the one of the biggest ionic radius of 2.4 A (while CI', NO5~ and SO,* of 1.7, 1.9, and 2.1 A,
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respectively),!'”) which low surface charge density in aqueous solutions affects its loosely packed
hydration sphere, hindering its diffusion to adsorbing domain, enhancing metal cation adsorption
efficiency. Such a phenomenon has been established for a study aiming to establish metal ions
extraction of e.g. crown ethers.!"%®! Therefore, adsorption of Ni(II)/Co(II) ions from their perchlo-
rate salts are not disturbed by PAMAM-anion interactions, which shows minimal tendency to
adsorb to materials surface, indicating the affinity of surface dendrimers to the cations. Moreover,
perchlorate as metal counter ion in non-volatile and kinetically inert to reduction.!"*”!

The following study aimed to demonstrate the binding ability of silica-based hybrid materials
grafted with different PAMAM dendrimers toward Ni(II) and Co(II) ions, which are highly toxic
contaminants of industrial wastewaters. However, there are several factors which may affect the
quality of metal ions binding to the hybrid materials, especially the structure of used dendritic
grafting agent, but also the contact time and the temperature of adsorbent-adsorbate samples. Thus,
comprehensive studies, including isothermal, kinetic, and thermodynamic experiments, were
undertaken.

The successful grafting of dendrimers 1-4 on silica surface via isocyanate linker was proved by
the recorded FT-IR spectra (Figure A.l; SI). Presence of the new signals at around 1,560 and
1,650 cm ™' corresponding to the stretching vibration of N-H and C=0O motifs of amide groups,
respectively, indicating proper functionalization of the silica platform. The amount of the dendri-
mers anchored to the silica surface were also established, employing a method based on a titration of
the excess of hydrochloric acid remaining in the solution after its absorption by the terminal amine
groups of the dendrimers, ranging between 0.078 and 0.310 mmol g~ (Table A.1; SI).

Influence of solution pH on adsorption process

Determination of the pH solution influence on adsorptive properties of the hybrid materials is
one of the most important parameters, as pH determines the choice of exact environment for
further studies, affording the best quality of ions binding to the materials. Figure 3 presents the
dependence of the metal ions uptake from samples on the pH of solution used for experiments.
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Figure 3. Representation of the influence of solution pH on adsorptive properties of materials SiO,-(1) and SiO,-(4) toward Ni(ll)
(green) and Co(ll) (pink) ions (c; = 15 mM).
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Common HCI/KCI, AcOH/AcONa, sodium citrate/K,HPO,, and KH,PO,/K,;HPO, buffers were
used. For all the buffers, solutions did not change their pH under presence of Ni(II) and Co(II)
salts. The representatives chosen for study were materials SiO,-(1) and SiO,-(4), functionalized
with ethylenediamine- and 4,7,10-trioxa-1,13-tridecanediamine-containing dendrimers, respec-
tively, as they might exhibit the greatest difference of binding abilities in various pH values
caused by the structural diversity.

Nevertheless, both materials were found to demonstrate the highest adsorption capacity
toward both Ni(II) and Co(II) ions in the solutions buffered to pH 5.4. The main reason of
such a phenomenon is the fact that in a strongly acidic environment peripheral amine and
internal amide groups exist in their protonated forms (-NH;" and -NH,"-), hindering diffusion
of positively charged metal ions into matrices by the repulsive interaction. Furthermore, the
competitive binding of protons to surface dendritic domains may appear. On the other hand, in
a slightly acidic environment (pH 6.0) metal ions might be inactivated by the formation of
unhydrolyzed hydroxides due to the low values of their solubility equilibrium. Therefore, all the
following adsorption experiments were conducted in slightly acidic environment at pH 5.4.
Under such conditions only internal tertiary amine groups are protonated, while amide and
primary amine groups remain in their unaltered form.""*! Thus, the metal ions binding in the
materials structure is based on the neutral coordination of outer amine groups to the metal
cations, but also on the ionic exchange between H* ions of protonated tertiary amines and M**
ions driven by ions diffusion, leading to coordination of tertiary amine and oxygen domains to
metal cations/proton systems (Figure 4).

Adsorption isotherms

Analysis of adsorption isotherms allows quantitative investigation of the interactions between
a particular adsorbent and solute at the equilibrium state, but also is vital for evaluating the optimal
use of the adsorbents. The adsorption capacities of each material toward metal ions are strongly
related to the shapes of the isotherms (Figure 5).

To evaluate adsorptive properties of the SiO,-dendrimer hybrid materials, experimental data
were analyzed with two most extensively used equilibrium models, the Langmuir and Freundlich.
The Langmuir model assumes the homogeneity of adsorbent surface, which is related to equal
affinity of each binding site to adsorbate molecules, excluding any interactions or steric hindrance
between adsorbed molecules. Therefore, the Langmuir model also assumes the ability for binding
only a monolayer of adsorbate.""'”! The obtained experimental data were fit to its linear plot of Ceq
/qeq V8. Ceq (Figure 6), which was employed for calculating the Langmuir isotherm parameters
collected in Table 1.

The experimental data were also checked to fit the Freundlich isotherm model, which is based
on the theory that adsorbent’s surface is heterogeneous, thus differs in the values of binding sites

Figure 4. Adsorption process of heavy metal ions Ni(ll) and Co(ll) on SiO,-dendrimer hybrid materials under slightly acidic
conditions (pH 5.4).
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Figure 5. Adsorption isotherms of Ni(ll) (green; solid lines) and Co(ll) (pink; dashed lines) adsorption on SiO,-dendrimer hybrid
materials.
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Figure 6. Langmuir isotherms for adsorption of Ni(ll) (green; solid lines) and Co(ll) (pink; dashed lines) on SiO,-dendrimer hybrid
materials.

energies. Therefore, it permits formation of a reversible adsorbate multilayer.""'” All parameters of
Freundlich adsorption model for adsorption of metal ions on hybrid materials (Table 1) were
calculated from the slope and intercept of the linear plot of log g, vs. log c., (Figure A.2; SI).
The adsorption of Ni(II) and Co(II) ions on each hybrid materials followed strictly the
Langmuir isotherm model, reaching R*-values higher than 0.99 (Table 1). It indicates the
formation of an adsorbate monolayer on the adsorbents surface. According to the linear plot of
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Table 1. Isothermal parameters for adsorption of Ni(ll) and Co(ll) ions on SiO,~dendrimer hybrid materials.

Langmuir isotherm Freundlich isotherm
Ki am Ke
lon Adsorbent [Lmg™"] mg g™ R R mg g™’ (Lmg™")""") 1/n R
Ni(ll) Si0-(1) 0.012 + 0.004 93.6 + 2.8 0.0452 0.9956 1295 +233 0.28 + 0.03 0.9436
Si0,-(2) 0.004 + 0.001 111.7 £ 36 0.1243 0.9949 258 + 098 052 +0.16 0.9298
Si0+(3) 0.006 + 0.001 86.7+3.1 00865 09936 6.55 + 0.90 035+002 09792
Si0,-(4) 0.025 + 0.015 116.6 + 3.2 0.0222 0.9962 4649 + 4.13 0.12 £ 0.02 0.9275
Co(ll)  Si0-(1) 0.023 + 0.010 99.1+20 00238 09979 2633 + 392 019 £002 09169
Si0+2) 0.016 + 0.012 60.8 + 3.1 0.0341 0.9875 2048 + 3.68 0.15 £ 0.03 0.8272
Si0,+(3) 0.012 + 0.005 328+ 12 0.0450  0.9934 440 + 182 0.28 + 0.07 0.7748
Si0,-(4) 0014+ 0006 101.1+3.0 00380 09955 1584 + 3.88 0.26 + 004  0.8885

Langmuir isotherms, the adsorption capacities g, of the adsorbents for both ions were
calculated. The highest g,, values were obtained for SiO,-(4) material grafted with dendrimer
containing 4,7,10-trioxa-1,13-tridecanediamine, reaching 116.6 and 101.1 mg g~' for Ni(II) and
Co(II), respectively. On the other hand, the lowest g,, values were assigned to SiO,-(3)
material grafted with dendrimer containing triethylenetetramine, achieving 86.7 mg g~ for
Ni(II) and 32.8 mg g‘l for Co(II) ions. These results are strongly related to structural
differences of terminal amino-components of dendrimers bound to the silica platform. Both
triethylenetetramine and 4,7,10-trioxa-1,13-tridecanediamine are long-chained polyamines,
however only the latter contains oxygen atoms, which might support interactions between
the adsorbent and metal ions. Surprisingly, the material grafted with dendrimer containing the
mostly branched tris(2-aminoethyl)amine SiO,-(2) exhibited higher affinity toward metal ions
(111.7 and 60.8 mg g'l for Ni(II) and Co(II), respectively) than SiO,-(3) material, which is
related to higher steric hindrance of dendritic component, hindering the elution of adsorbate
from adsorbent’s matrix.

Moreover, for each material, dimensionless Langmuir separation factors R; were calculated to
define the favorability of adsorption processes. In principle, the adsorption process is either
irreversible (R; = 0), favorable (0 < R; <1), linear (R; = 1) or unfavorable (R; > 1).““] All
calculated data are listed in Table 1. They varied between 0.02 and 0.12, which indicated strong
adsorption of metal ions on hybrid materials. Furthermore, on the basis of the obtained data, the
distribution coefficients K; for each material at different metal ions initial concentrations were
calculated (Figure 7). In general, the higher the distribution coefficient, the stronger the ability of
adsorbent to bind solute in its matrix.''?! For both metal ions, the highest K, values were
calculated for the lowest solutions concentrations. The increase in metals concentrations was
accompanied by significant decrease in K, values. Hence, it may be concluded that the hybrid
materials are preferably applicable as Ni(II) and Co(II) scavenging materials in their diluted
solutions.

The linear regression analyses of the experimental data for Freundlich isotherm model were
defined with considerably lower values of R* correlation coefficient than those for Langmuir model
(R* > 0.92 for Ni(II) adsorption; R* > 0.82 for Co(II) adsorption). Nevertheless, on their basis, 1/
n coefficients (equal to the Freundlich exponents) were calculated, which are strictly dependent on
the adsorbent heterogeneity and adsorption efficiency. The lower the 1/n value, the more intensive
the adsorption process. Table 1 contains the values obtained for all materials, which varied in the
range of 0.12-0.52, indicating the efficient binding properties of hybrid materials toward Ni(II) and
Co(II) metal ions.

To determine whether the adsorption of metal ions on SiO,-dendrimer materials is a physical
or chemical process, the Dubinin-Radushkevich model was employed. On the basis of linear
regression In g, vs. & (Figure A.3; SI), the values of 8 parameter were calculated and further
used for determination of energy values (Table A.2; SI). It is postulated that if value of E energy
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Figure 7. The distribution coefficients K, for each material at different toxic ions starting concentrations: (a) Ni(ll), (b) Co(ll).

is lower than 8 k] mol™", the adsorption is a physical process, while if E values range between 8
and 16 kJ mol™!, it is a chemical process.”® Although, the calculated energy values for all
materials and metal ions varied between 0.028 and 1.008 k] mol™', R? linear regression coeffi-
cients are relatively low, with average value of approximately 0.78, making these data only
a supposition of physical nature of the investigated adsorption processes.

Moreover, Table 2 presents a comparison of adsorption capacity values reported in
literature with these from our study. Among the reported materials there are various weak
or strong acidic cation-exchange resins, IIP systems or functionalized biopolymers. It is
clearly visible that SiO,-dendrimer materials are very efficient adsorbents toward Ni(II)
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Table 2. Comparison of the adsorption capacities for other materials reported in literature.
Adsorption capacity

_ mggl
Adsorbent Ni(ll) Co(ll) Reference
Triethylenetetramine-crosslinked chitosan 595 ozl
Dowex HCR-S/S cation exchange resin 69.0 na
IRN 77 cation exchange resin 86.2 e
SKN 1 cation exchange resin 69.4 3
Lewitat MonoPlus SP 112 cation exchange resin 219 (el
Sodium titanate (Na,Ti,Os) nanotubes 85.2 nn
G0.5-G3.0 PAMAM dendrons modified with methyl isothiocyanate grafted to silica 60.1 o
G0.5-G3.0 PAMAM dendrons grafted to silica 54.0 89
Spent Coffee Grounds/Calcium Alginate composite beads 21.0 sl
Dowex HCR-S/H cation exchange resin 87.8 3
Ceralite IR 120 cation exchange resin 286 2l
Suqing D401 cation exchange resin 41 B3
Ni(ll) ion imprinted polymer based on Ni-diphenylcarbazide complex 86.3 nai
Fe;0, covered with cross-linked chitosan-isatin resin 40.2 535 n22)
Polyimide resins based on 2,5-bis-(amino-pyridine-2-yl)-1,3,4-oxadiazole 59.7 65.6 n2s)
Copolymer of methylenebisacrylamide and N-methacryloxyphthalimide 58.7 56.0 n2el
Barley straw ash 8.2 6.6 nas)
Si0,-5 G.PPI 438.0 503.0 n2e)
Phthalate-functionalized sugarcane bagasse 54.7 331 haz
5i0,-(1) 236 99.1 This study
Si0,-(2) m.z 60.8 This study
510,-(3) 86.7 328 This study
Si0,-(4) 116.6 101.1 This study

and Co(II), compared to other materials. The only exception is the several times higher
adsorption capacity of SiO,-5 G.PPI, which is related to very high branching level of
dendrimer used as functionalizing agent for this material, affording high density of binding
sites toward chosen adsorbates.

Adsorption kinetics

Investigation of the contact time effect on the efficiency of adsorption process permits
identification of the rate-limiting step. There are two widely used kinetic models: the pseudo-
first-order model, which assumes that the rate-limiting step is strictly related to the saturation
of the adsorbent binding sites and the pseudo-second-order model, which assumes that
chemical adsorption related to electron exchange between adsorbent and metal ions is the rate-
limiting step. The obtained experimental data were fitted to both pseudo-first-order kinetic
model (Figure 8) and pseudo-second-order kinetic models (Figure 9), and the results are listed
in Table 3.

Table 3 presents the values obtained for fitting of experimental data to the pseudo-first- and
pseudo-second-order kinetic models. The adsorption process of Ni(II) ions as well as Co(II) on
hybrid materials follows strictly the pseudo-second-order model as proved by R® correlation
coefficient higher than 0.99, which means that each adsorption process was limited by the
chemical interactions between adsorbent and metal ions. Moreover, the fit of the experimental
data to such a kinetic model indicates the material applicability for diluted solutes,'*! which is
clearly consistent with the results presented in Adsorption isotherms, based on comparison of K,
parameters. Assuming the pseudo-second-order kinetic model, the half-adsorption times t,,,,
which is the time needed for binding half of adsorbate Ni(II)/Co(II) at the equilibrium state,
were estimated. The highest half-adsorption time for both metal ions was obtained for SiO,-(4)
material, which is related to the highest adsorption capacity of this material and also the oxygen
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Figure 8. The pseudo-first-order kinetic model of Ni(ll) (green; solid lines) and Co(ll) (pink; dashed lines) adsorption on SiO,—
dendrimer hybrid materials (¢; = 15 mM).
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Figure 9. The pseudo-second-order kinetic model of Ni(ll) (green; solid lines) and Co(ll) (pink; dashed lines) adsorption on SiO,—
dendrimer hybrid materials (¢; = 15 mM).

atoms in the grafting agent structure, whose presence has a significant impact on the interaction
between the material and the solute.

In contrast, the lowest half-adsorption time values were calculated for materials SiO,-(2) and
$i0,-(3), which contain tris(2-aminoethyl)amine and triethylenetetramine as an ultimate amino-
components of dendrimers grafted on their surface, respectively. This phenomenon is related either
to the lowest adsorption capacities (SiO,-(3)) or to the presence of highly branched amino terminus
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Table 3. Kinetic parameters for adsorption of Ni(ll) and Co(ll) ions on SiO,-dendrimer hybrid materials.

Pseudo-first-order Pseudo-second-order
ky ki ka ki tin
lon Adsorbent h™ mgg™' h™ R [gmg™' h7'] mgg'h™ ] R
Ni(ln) Si0,+(1) 0.035 + 0.005 26 £ 04 0.7930 0.0040 + 0.0003 216 + 2.7 340 0.9922
Si0,-(2) 0.099 + 0.007 88 £ 0.8 0.9384 0.0034 + 0.0002 269 + 2.6 331 0.9958
Si0,-(3) 0.025 + 0.005 10+02 0.6261 0.0119 + 0.0008 187+19 212 0.9966
Si0,-(4) 0.036 + 0.005 27 £ 04 0.7881 0.0034 + 0.0002 194 + 1.7 389 0.9948
Co(ll) Si0,-(1) 0.061 + 0.004 53+ 04 0.9417 0.0024 + 0.0002 156 + 2.2 512 0.9922
Si0,-(2) 0.205 + 0.004 126 + 0.3 0.9937 0.0052 + 0.0004 242 + 3.2 281 0.9958
Si0,-(3) 0.072 + 0.007 21+£0.2 0.8950 0.0119 + 0.0009 89 + 1.1 3.08 0.9966
Si0,-(4) 0.052 + 0.004 47 + 04 09158 0.0024 + 0.0002 143 + 2.6 535 0.9948

in the dendritic structure, which contributes to the numerous binding sites and low elutability of
adsorbate (SiO,-(2)). Nevertheless, as presented in Table 3, t;/» values are relatively high with average
of 3.5 h. Therefore, several structural changes in the hybrid materials may lead to an intensification
of adsorption process. For instance, a utilization of another linker on the silica precursor, contribut-
ing to higher grafting percentage of dendritic structures, as well as an incorporation of particular
domains to dendrimer’s terminal amine groups enhancing binding effectiveness, e.g. a residue of
thioamide.

Adsorption thermodynamics

Temperature is one of the most important factors that affect the adsorptive capability of adsorbing
systems and determination of its effect permits characterization of thermodynamic nature of
adsorption process. The thermodynamic behavior of Ni(II) and Co(II) adsorption on hybrid
materials is illustrated by the linear plot of 1/T vs. In K which is depicted in Figure 10. On the

e SiO(1)
) = Si02)
Si0,-(3)
| Si0,-(4)
T
= Y
~ e
I
0 ‘ l I
0,0030 0,0031 0,0032 no

1/T [K})

Figure 10. Thermodynamics of adsorption of Ni(ll) (solid line) and Co(ll) (dashed line) on SiO,~dendrimer hybrid materials (c,
=15 mM).
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Table 4. Thermodynamic parameters of adsorption of Ni(ll) and Co(ll) ions on SiO,-dendrimer hybrid materials.

AH° AS® T AG®
lon Adsorbent [k mol™] U mol™ K] R K] [k mol™]
Ni(ll) Si0,-(1) 14,65 + 0.84 55.93 + 2.66 0.9967 301 -231 £ 001
313 -2.82 £ 001
328 -3.72 £ 001
Si0,-(2) 12.08 + 0.86 4307 + 274 0.9949 301 -099 + 001
313 -136 £ 0.01
328 -207 £ 001
Si0,-(3) 14.58 + 0.61 49.57 + 1,93 0.9983 301 -0.42 £ 001
313 -097 +0.01
328 ~167 £ 001
Si0,-(4) 23.47 £ 191 84.29 + 6,08 0.9934 301 -2.00 + 001
313 -3.00 + 0.01
328 -414 £ 001
Co(ll) Si0,-(1) 11.21 £ 0.70 49.46 + 2.22 0991 301 -3.73 £ 001
313 -430 + 001
328 -5.00 + 0.02
Si0,-(2) 10.34 + 0.79 45.74 + 2.50 0.9942 301 -352 + 001
313 -394 + 001
328 -468 + 001
Si0,-(3) 7.18 + 033 31.09 + 1.06 09978 301 -224 + 001
313 -254 £ 001
328 -3.03 £ 0.01
Si0,-(4) 21.89 + 1.78 80.23 + 5.68 09934 301 -245 + 001
313 -3.14 £ 001
328 -4.46 + 001

basis of the slope and intercept of linear regressions, all thermodynamic parameters were calculated
(Table 4).

Table 4 presents a comparison of standard enthalpy changes (AH®), standard entropy (AS°), and
standard free Gibbs energy changes (AG®) calculated for Ni(IT) and Co(II) ions adsorption process
on SiO,-dendrimer hybrid materials. For all materials, the adsorption process is described as
endothermic, as follows from the positive values of standard enthalpy. The enthalpies values range
between 7.18 and 23.47 k] mol ™', classifying the investigated binding processes as physisorption,
basing on a general theory that AH® values of physisorption are between -20 and 40 k] mol™',!'?*!
which is in a good agreement with values of mean free energies E Adsorption isotherms. Moreover,
all AG® values are negative, which indicates the spontaneity of investigated adsorption processes. The
most pronounced influence of temperature is observed for adsorption of metal ions on SiO,-(4)
material, which is described with AH® of approximately 20 k] mol™'. The positive values of AS°
indicate increasing randomness at the adsorbent-solution interface, which might be attributed as the
driving force of the adsorption progress.

Selectivity of adsorption process

The adsorption experiments conducted in binary system may deliver an information about the
selectivity of the adsorption processes toward the particular metal ions used. Table 5 presents the
amount of the competitive metals adsorbed gy;/gc, by the hybrid materials, calculated using
spectrophotometric assays and also the percentage uptake of the metals determined by XRF analysis
(Figure 11). Moreover, the separation factors (a’é’,’;) were calculated, which values may indicate the
adsorption preferability:

Ni _ 4Ni* CCo

A, =
Co
qco * CNi
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Table 5. Selectivity of the metal ions adsorption processes on the hybrid materials.

UV-vis analysis XRF analysis
Adsorbent qni [mg g7'] Gco [mg g7'] a % Ni % Co
Si02-(1) 1013 97.4 1.05 59.8 40.2
Si0,-(2) 703 336 245 85.2 148
Si0,-(3) 69.9 25.6 3.19 97.4 26
Si0,-(4) 89.6 81.1 123 65.8 342

Signal intensity [-]

o o g e e e T T e R o 2

6,0 6,5 7,0 73 8,0 8,5 9,0

Energy [keV]

Figure 11. XRF analysis of hybrid materials SiO,-(1) — SiO,-(4) after metals adsorption from their binary system Ni(ll)/Co(ll).

where: qni/qc, — the amount of the metals absorbed on the hybrid materials, cyi/cc, — the
equilibrium concentration of the metals in the solution. For the investigated binary system, the
value of separation factor a¥. lower than 1 would indicate the selectivity of Co(II) ions
adsorption on the hybrid materials, and higher than 1 - the selectivity of Ni(II) ions
adsorption.

The selectivity of the metal ions adsorption on the PAMAM-grafted hybrid materials is
strictly connected with either electronegativity of the metals or the hydrated radii of the
metal ions.!"?*! The most efficient adsorption takes place for those metals which have the
highest electronegativity values, but also for those metal ions which have the smallest
hydrated radii, enabling their easier diffusion into the matrix of a material. According to
the fact that Ni(II) ions have higher electronegativity values and smaller hydrated radius than
Co(II) ions, the selectivity of adsorption process in Ni(II)/Co(II) binary system should be
directed toward Ni(II) ions. Such principle is proved for all of the hybrid materials using
both, classic UV-Vis and XRF, analysis. Materials SiO,-(2) and SiO,-(3) exhibit good
selectivity toward Ni(II) which might be related to the highest branching level of the
dendrimers on their surface causing a steric hindrance for Co(II) ions with bigger hydrated
radii. For materials SiO,-(1) and SiO,-(4) the selectivity for Ni(II) ions is seen, where
adsorption differentiation is based only on the minor difference in the electronegativity
values of both metal ions.
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Conclusions

The main objective of our study was to identify the ability of the SiO,-dendrimer hybrid
materials for coordination of two heavy metal ions, nickel(II) and cobalt(I), in surface
dendrimer structures, leading to the metal ions extraction. Comprehensive research involved
isothermal, kinetic and thermodynamic experiments, as well as investigation of the adsorption
selectivity conducted in the metal ions solutions buffered at pH 5.4. Adsorption process of
metal ions on the examined materials was found to be dependent especially on the structure of
dendrimer grafted on the adsorbents surface. Nevertheless, the adsorption capacities calculated
from linear plot of Langmuir isotherms ranged between 86.7-116.6 mg g~ ' for Ni(II) ions and
32.8-101.1 mg g ' for Co(Il). The highest values were obtained for SiO,-(4) material, which
contained on its surface the dendrimer built of 4,7,10-trioxa-1,13-tridecanediamine as amino-
terminus, while the lowest for the material containing triethylenetetramine as terminal amino-
component of grafted dendrimer. Thus, it may be concluded that general structure of the
grafting agent (branching level, presence of oxygen atoms, or tertiary amine groups) leads to
the binding affinity increase. Moreover, the highest distribution coefficients were achieved for
the lowest initial metal ions concentrations, which is consistent with determined pseudo-
second-order kinetic models of each adsorption process, indicating the scavenging properties
of hybrid materials. The calculated mean free energies and the calculated values of adsorption
enthalpy strictly indicate the physical nature of adsorption processes. Furthermore, thermo-
dynamic experiments proved the endothermic, spontaneous, and feasible character of investi-
gated processes of Ni(II) and Co(II) metal ions adsorption on the four SiO,-dendrimer
materials studied. Moreover, the selectivity of the hybrid materials was found to be directed
toward Ni(II) ions, which is consistent with the principle of the influence of ion features, for
example, electronegativity and hydrated radius, on its affinity to the adsorptive material.

In summary, the obtained materials were characterized for their efficiency in toxic metal ions
binding. Nevertheless, their further investigation as binding materials is useful, in order to
establish the materials’ pre-concentrating abilities (scavenging of contaminants from highly
diluted solutions), reusability using EDTA re-chelating agent or HCI, and applicability of the
materials for purification of real-life or simulated wastewater and ground water samples contain-
ing complex matrices. Such experiments would also allow for determination of common matrix
metal ions (Na*, K*, NH,*, Ca**, etc.) influence on the adsorptive properties. Moreover, highly
satisfactory results of adsorptive properties of studied materials may lead to designing other
hybrids grafted with structurally diverse dendrimers and their further application as either
scavenging materials or drug delivery systems.
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Figure A.1. The FT-IR spectra of the hybrid materials SiO2-(1) — SiO2-(4)

Table A.1. The values of the dendrimers loading on the hybrid materials

Hybrid material [:i:l‘jll;ﬁ]
Si02-(2) 0.310
Si02+(3) 0.152
Si02-(4) 0.155
Si02+(5) 0.078

102



log qeq [-]

Si0,-(1)
Si0,@2)
$i0,-3)
Si0,-(4)

> & = o

0 T T
0 1 2 3

log ceq [-]

Figure A.2. Freundlich isotherms for adsorption of Ni(Il) (green; solid lines) and Co(II) (pink;
dashed lines) on SiO2-dendrimer hybrid materials
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Figure A.3. Dubinin-Radushkevich isotherms for adsorption of Ni(II) (green; solid lines) and
Co(II) (pink; dashed lines) on SiO>-dendrimer hybrid materials
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Table A.2. Dubinin-Radushkevich isothermal parameters for adsorption of Ni(II) and Co(II)

ions on SiO2-dendrimer hybrid materials

Langmuir isotherm

Ton Adsorbent 104 B E Qm,cal. R?
[mol® J3) [kJ mol''] [mg g
Ni(II) Si02-(1) -1.720£0.414 0.054 = 0.006 76.6 7.1 0.8754
Si02-(2) -6.417 = 1.082 0.028 +0.002 75.7+9.1 0.7116
Si02-(3) -2.752 +£0.784 0.043 £ 0.006 62.4+7.7 0.7751
Si0:-(4) -0.005 £ 0.002 1.008 = 0.192 97.9+8.7 0.5946
Co(ll) Si0x-(1) -0.495 +0.134 0.100 £0.014 86.2+6.5 0.7308
Si02-(2) -0.790 + 0.220 0.080 £0.011 52.8+3.1 0.7167
Si02-(3) -4.433 £ 0.469 0.034 + 0.002 29.1+1.3 0.9470
Si0>-(4) -1.316 £ 0.242 0.062 £ 0.006 85.3+6.4 0.8552
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Abstract: One of the major goals in the materials science is the design and development of non-toxic,
versatile, and efficient drug delivery systems. The study reported in this paper concerns the syntheses
of poly(amidoamine) (PAMAM) dendrimers with tris(2-aminoethyl)amine as an amine core and
different terminal amines, and their attachment to silica matrix. The obtained ethylenediamine (EDA),
triethylenetetramine (TETA), tris(2-aminoethyl)amine (TREN) and 4,7,10-trioxa-1,13-tridecanediamine
(TRI-OXA) dendrimers were introduced to the support surface via an epoxy linker, leading to aloading
efficiency in the range of 0.054-0.113 mmol g~!, determined using elemental and thermogravimetric
analyses. The materials exhibited high adsorption capacities towards the chosen model drugs:
folic, salicylic and nicotinic acid. The investigated adsorption processes were found to follow the
Freundlich isotherm model, with indication of the drugs’ structure influence on the binding efficiency.
Drug-loaded hybrid materials were also described for in vitro drug release in three pH-different
paraphysiological media. The highest percentage release was obtained in the tests performed at pH
2.0, ranging between 35.42 and 99.83%. Satisfactory results and the versatility of PAMAM dendrimers
may lead to the application of such materials not only as drug carriers dedicated to a wide range
of pharmaceutics, but also as analytical tools for pre-concentration and/or the determination of
biocompound contamination in samples.

Keywords: drug delivery; hybrid materials; PAMAM dendrimers; bioactive acids; in vitro
drug release

1. Introduction

In recent decades, much attention has been paid to design synthesis and the final utilization of
organic grafting agents dedicated to various solid supports, aiming at obtaining hybrid materials
exhibiting versatile chemical and analytical applications. The common characteristic feature of such
organic agents is their polyfunctionality, which affords interactions with particular analytes through
non-covalent binding, such as electrostatic and hydrogen bonding, chelation, hydrophobic effect or
-7t stacking of aromatic rings. Non-covalent bonds are desirable because of their high effectiveness,
in particular if different types of bonds impose each other. Moreover, the low energy of non-covalent
bonds permits the easy desorption of the adsorbed analytes so the materials with such bonds can be
used as recyclable adsorbents and delivery systems.

One family of molecules exhibiting applicability towards diverse compounds, are dendrimers,
especially poly(amidoamine) (PAMAM) dendrimers invented and introduced in 1980s by Tomalia [1].
The idea of introducing a dendritic structure as a polyfunctional domain could have originated from
dendritic topology found in the natural environment, including snow crystals, neuron branches or tree
roots [2]. The common features of dendrimers are: repetitiveness of structural units afforded by the
repeated binding of monomers to a chosen core (branching center), multifunctionality gained with
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the introduction of peripheral functional groups and the presence of internal cavities as a series of
gaps between the synthesized branches. More precisely, PAMAM dendrimers consist of an amine core
(ammonia or polyamine, e.g., ethylenediamine, diethylenetriamine, etc.), which makes the starting
point for building amidoamine branches and undergoes sequential expansion. Each step of introducing
the next peripheral amino component leads to the layered expansion of the molecule called dendrimer
generation (Gx, where x is the generation number). As the dendrimer generation increases, the value
of the stability constant of the dendrimer-analyte complex increases. What is more, multiple free
terminal amino groups on the dendrimers’ ultimate layer allow their further functionalization with
several organic domains, which may tune or introduce new interacting sources, such as: polyethylene
glycol (PEG), acetyl, long-chain fatty acids, amino acids or targeting domains [3]. Therefore, PAMAM
dendrimers and their derivatives may find attractive biological applications either in the native form or
immobilized on a support surface. These two types of species of dendrimers and their derivatives can
be subjected to in vitro and in vivo studies, in order to assess their desirable biological effectiveness
and also cytotoxicity, permeability or degradability.

The drug delivery potential of bare PAMAM dendrimers is strictly related to their multifunctional
structure. Namely, multiple amine and amide groups on the surface or in the dendrimer’s interior allow
the non-covalent electrostatic or hydrogen bonding between the dendrimers and drug molecules [4].
Moreover, the ‘internal architecture’ of PAMAM dendrimers allows the effective physical entrapment
of drugs in dendritic internal cavities, whose size is dependent on the size of the core molecule and
branching units, determining the distance between the subsequent branches. The aforementioned
structural features of dendrimers permit the adsorption of drug molecules to the dendrimer’s surface
or permit their diffusion into the dendrimer’s interior, leading to host-guest supramolecular complexes.
Although PAMAM-drug conjugates may be used as therapeutics targeted delivery systems with an
enhanced transmembrane permeability which may dissolute already in blood plasma, the increase in
the dendrimer generation leads to its higher cytotoxic effect towards cells. It is strongly connected with
the interaction between the polycationic macromolecule and the negatively charged glycocalices, which
are one of the major cell membrane constituents, triggering apoptotic cell death [5-9]. Densely charged
PAMAM dendrimers of generation 7.0 have been also proved to enhance the aggregation of several
proteins in the bloodstream, causing their deactivation [8]. The prevention of negative interactions of
the dendrimers with proteins, membrane constituents, etc. is therefore connected with a decrease in
the surface amine groups reactivity by their conjugation with e.g., PEG, lipophilic carboxylic acid with
short hydrocarbon chains, surfactants, acetyl groups, amino acids (arginine and ornithine), biotin or
dimethyl itaconate [10-17], as well as with folic acid or octeroide (somatostatin analogue) as targeting
domains [18,19].

Another possibility of shielding the polycationic character of PAMAM dendrimers is their
immobilization on support, leading to the group of novel dendrimer-functionalized hybrid materials.
Such hybrids exhibit physicochemical features common for native dendrimers and platforms, but also
gain the character of a functionalized material-finding application as sorbents: molecular scavengers,
materials for analytes extraction, pre-concentration systems and delivery systems of biomolecules
or nucleic acids [20]. Among the well known supports, superparamagnetic iron oxide nanoparticles
(Fe304; SPIONSs) are of great interest, due to the easiness of obtaining them, their size and shape control,
but mostly because of their magnetic properties, affording easy separation, targeting within samples
and organisms and their visualization with either microscopic or resonance imagining [21,22]. Hitherto
literature presents several papers devoted to the synthesis, characterization and final biomedical
applications of Fe3O4 nanoparticles functionalized with PAMAM dendrimers of various structures
and generations [23-26]. For instance, G3.5 PAMAM grafted on the iron oxide nanoparticles’ surface
was proved to be negligibly more cytotoxic towards HeLa cells than bare particles, indicating the
cytocompatibility of such systems with a simultaneous ability of penetration into bacteria cells [27].
A similar PEGylated material decorated with folic acid as a targeting residue was tested for the delivery
properties of paclitaxel towards MCF-7 human breast cancer cell line, which resulted in the cancer cell
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viability decreasing by 34% [28]. Moreover, the efficiency of Fe304 particles modified with PAMAM
dendrimers through various linkers has been studied in delivery of doxorubicin (versatile anticancer
drug) and epigallocatechin gallate (therapeutic agent against various cancers, stroke or Parkinson’s
and Alzheimer’s diseases) and has been explored towards HeLa cells [29-31]. The high efficiency
of the drug loading of the materials and their proper cytocompatibility have been reported, which
make them potential materials for therapeutics delivery with minimized side effects. Furthermore,
iron oxide nanoparticles modified with citric acid and G5.0 PAMAM dendrimer have been considered
to play the role of curcumin delivery platforms [32]. The material incubated with human breast
adenocarcinoma (MCE-7 cell line) showed 45% cell viability at a micromolar concentration of the
Fe304/PAMAM/curcumin system. In addition,a PAMAM dendrimer made of unusual branching units,
which were 1,3-propanodiamine and glutaraldehyde, was branched around Fe;0, nanoparticles and
proved to show efficient antimicrobial activity towards two cell lines: Escherichia coli and Staphylococcus
Aureus [33]. However, such hybrid materials find application not only as supports for the targeted
delivery of biomolecules, but also as supporting materials for the delivery of nitrogen oxide (NO), which
might be classified as an endogenous agent taking part in many physiological and pathophysiological
pathways, e.g., wound healing and immune response. Yu et al. [34] have presented a method for the
synthesis of N-diazeniumdiolate-functionalized hybrid material as a new NO-release precursor. The
material was obtained in a reaction between Fe3O4/polydopamine/G3.0 PAMAM and nitrogen oxide
under elevated pressure. The same material was investigated for antimicrobial activity against E. coli
and S. Aureus under infrared irradiation to ensure NO-releasing conditions. The studies resulted in
obtaining highly effective material with the controllable release of nitrogen oxide performed in IR
switch-on/off mode.

Biological applications of the PAMAM-grafted hybrid materials based on other platforms such
as single- or multi-walled carbon nanotubes [35-37], halloysite nanotubes [38-40], mesoporous
silica [41,42], titania [43], gold nanorods [44], polymeric chains [45] and quantum dots made of
CdSe/ZnS or CdSe/CdTe binary systems [46,47] have also been studied. Nevertheless, the pressing need
for novel transporting systems has prompted us to focus on silica-based hybrid materials functionalized
with PAMAM dendrimers. Our recent study was aimed at the synthesis of a series of structurally
different dendritic structures with tris(2-aminoethyl)amine as a core molecule and ethylenediamine,
tris(2-aminoethyl)amine, triethylenetetramine and 4,7,10-trioxa-1,13-tridecanediamine as surface amine
residues. The dendrimers were introduced onto a silica surface via a linker with epoxy groups using a
‘grafting to” approach, which allowed the retention of the fully dendritic feature of modifying agents.
The obtained group of PAMAM-modified materials was investigated to establish their adsorptive
properties towards folic acid, salicylic acid and nicotinic acid as the model bioactive molecules, with
their further in vitro release studies under various paraphysiological conditions.

2. Results and Discussion

2.1. Synthesis of PAMAM Dendrimers

The PAMAM dendrimers consisting of tris(2-aminoethyl)amine as the amine core molecule were
obtained using the two-step synthetic protocol. The first step involved the branching of the amine core
molecule using the Michael addition between tris(2-aminoethyl)amine and methyl acrylate, leading
to an ester intermediate, which was the precursor of desired dendritic structures. The second step
was based on the amidation of the ester intermediate with proper amine, which led to obtaining
each of the designed PAMAM dendrimers (Figure 1a). The choice of structurally different terminal
amino-components was made on the basis of the expected influence of the terminal amine structure
on the adsorptive properties of the final hybrid materials. The semi-product and the products were
characterized by the electrospray ionization mass spectrometry (ESI-MS) technique. The spectrum of
the ester intermediate (Figure S1) shows a highly intensive molecular peak m/z = 663.62 and its sodium
derivative m/z = 685.55. On the other hand, the spectra of PAMAM dendrimers (Figure S2) show
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several signals corresponding to fragmentation peaks, which are strongly connected to the capability
of dendrimers to fragmentation, which is a result of their chemical structure (several polyamine and
carbonyl domains) and the choice of ionization mode [45]. The spectra also show several signals
corresponding to sodium adducts, as well as mono-, di- or even triprotonated signals, regarding the
polyamine character of the studied dendrimers.
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Figure 1. (a) The structures of the synthesized poly(amidoamine) (PAMAM) dendrimers
containing tris(2-aminoethyl)amine as an amine core and different terminal amino-components:
EDA (ethylenediamine), TETA (triethylenetetramine), TREN (tris(2-aminoethyl)amine) and TRI-OXA
(4,7,10-trioxa-1,13-tridecanediamine); (b) the synthetic approach to obtaining hybrid materials grafted
with poly(amidoamine) (PAMAM) dendrimers (on the example of tris(2-aminoethyl)amine (TREN)
dendrimer grafting).
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2.2. Synthesis and Characterization of the Hybrid Materials

The hybrid materials functionalized with the synthesized PAMAM dendrimers were obtained
in the reaction between the free terminal amine group of the dendrimer and the easy opening epoxy
ring on the silica surface (Figure 1b). The choice of N,N-dimethylformamide (DMF) instead of
the usual PAMAM dendrimers’ solvent, which is methanol, was driven by the non-nucleophilic
character of DMF, decreasing the possibility of a side reaction between epoxy silica-surface groups
and solvent molecules. The successful grafting of dendrimers on the silica surface was proven by
Fourier-transformed photoacoustic infrared (FT-IR/PAS) spectra results (Figure 2a). All the spectra
are similar, which is a consequence of the utilization of epoxy-modified silica gel as the support for
PAMAM-functionalized hybrid materials. Each spectrum shows two signals assigned to the asymmetric
stretching of silica matrix, which have their maxima approximately at 797 and 952 cm~!. Morevoer,
broad bands between 1000 and 1250 cm™! are related to the symmetric stretching of Si-O-Si domains.
Nevertheless, the proper functionalization of silica support with particular PAMAM dendrimers is
proved by the presence of signals at 1560 and 1640 cm™!, which correspond to the bending of N-H
and the stretching of C=0, respectively, both present in amide-rich dendrimers anchored to the silica
surface. These signals are not present in the spectrum of the silica precursor (SiO,-epoxy), which
undoubtedly proves the PAMAM-functionalization of the hybrid materials. Moreover, several signals
at 2889, 2936 and 2974 cm™! are related to the symmetric and asymmetric stretching of methylene
groups -CH,- present in the studied dendritic structures. These signals are noticeable on each spectrum,
which might be attributed to the presence of multiple methylene groups in PAMAM dendrimers
(the spectra of the hybrid materials) or to the methylene groups originating from the propylosilane
epoxy-linker (SiO,-epoxy). In addition, the broad bands between 3050 and 3450 cm~! in the hybrid
materials spectra can be attributed to the overlapped stretching modes of N-H and O-H vibrations,
originating in multiple terminal primary amine groups and free hydroxyl groups remaining after the
functionalization of silica by the epoxy-ring opening [49]. The broad signal in SiO,-epoxy, however,
may originate in free hydroxyl groups as a result of trace humidity in the material leading to the
ring opening. The successful functionalization of silica particles with PAMAM dendrimers was also
indicated by the thermogravimetric analysis (Figure 2b), which showed the samples’ mass loss up to
20%. Each spectrum shows two distinct decomposition steps. The first one is visible upon heating
to around 200 °C and is strictly connected to the trace humidity removal from the samples studied.
This step is manifested as approximately 2.5% mass loss of the samples and it is followed by the slow
oxidation of the organic residue anchored to the inorganic platforms. This thermal decomposition takes
place in the temperature range between 250 and 700 °C, leading to 10-16% mass loss of the samples.

Moreover, the hybrid materials obtained were subjected to the CHN elemental analysis to assess
the percentage contents of carbon, hydrogen and nitrogen. The most informative results of the
elemental analysis were those of the nitrogen percentage contents, as carbon and hydrogen appear
also in the glycidoxypropyl linker between the silica matrix and the grafted PAMAM dendrimers.
The nitrogen percentage content was 2.521%, 2.122%, 3.196% and 2.010% for SiO,-EDA, SiO,-TETA,
SiO,-TREN and SiO,-TRI-OXA, respectively. The loadings of dendritic structures on the silica support
were calculated on the basis of these values to be 0.113, 0.054, 0.082 and 0.094 mmol g‘l, respectively, so
in good agreement with approximations following from the thermogravimetric analysis. The highest
loading efficiency was calculated for the material containing surface EDA dendrimer molecules, which
consist of the most compact and the least branched terminal amine used—ethylenediamine. On the
other hand, the lowest loading values were calculated for the materials functionalized with TETA and
TREN dendrimers with amine terminal domains whose branched character was defined before the
synthesis (tris(2-aminoethyl)amine) or was a consequence of the polyamine structure that determined
the differentiation in the reactivity of primary and secondary amine groups (triethylenetetramine).
Furthermore, Figure 3 presents the SEM images of the synthesized hybrid materials. All the silica
gel particles can be classified as microparticles with the mean size of approximately 40 um. The
functionalization of the support with more branched dendrimers TETA and TRI-OXA led to a formation
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of the particles with a higher mean size, as a result of the bulky dendritic structures (Figure 3C,D). The
silica precursor used was described as a porous, micro-sized material, therefore the attachment of the
dendrimers did not greatly enhance the size of the final hybrid materials.
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(a) The Fourier-transformed photoacoustic infrared (FT-IR/PAS) spectra of the

PAMAM-modified hybrid materials; (b) the thermogravimetric analysis of the synthesized

hybrid materials.

Figure 3. The SEM images of the obtained PAMAM-modified hybrid materials: (A) SiO,-EDA,
(B) SiO,-TETA, (C) SiO,-TREN and (D) SiO,-TRI-OXA. The scale bar is 10 pum.
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2.3. Adsorption of Bioactive Compounds on the Hybrid Materials

The adsorptive properties of the obtained materials were tested for three bioactive compounds:
folic, salicylic and nicotinic acids. The choice was driven by their highly broad application as drugs and
vitamin supplements, while folic acid is also a preferable candidate for drug-delivery investigation,
as it is chemically similar to the broadly used anticancer agent, methotrexate. Moreover, the chosen
bioactive compounds are structurally different, which may bring preliminary information of the
relationship between the adsorption ability and structure of the analyte. The investigation of the
SiO,-PAMAM adsorption properties was based on the possibility of proton exchange between the
highly basic PAMAM dendrimers on the silica surface and the acidic adsorbate molecules. Such an
exchange, leading to the formation of a cationic form of the dendrimers (-NH3*) and an anionic form
of biomolecules (-COO"), enables effective electrostatic interactions between the hybrid materials and
the adsorbates. The ESI-MS spectra of the complexes of exemplary PAMAM dendrimers containing
tris(2-aminoethyl)amine as the terminal amine and each of the bioactive compounds used (Figure S3)
proved the proton exchange between the tested components. The ESI-MS spectra of TREN-salicylic
acid (Figure S3a) and TREN-nicotinic acid (Figure S3b) in positive mode showed signals originating
mostly from the monoprotonated forms (z 1+) of the dendrimers’ fragmentation products (the signal
at m/z 1201.98, 1055.84, 983.20, 909.70), which strictly indicated the single proton exchange between the
dendrimer and the drug. The corresponding spectra in negative mode presented the most intensive
signals related to the deprotonated forms of the salicylic and nicotinic acids at m/z 137.36 and m/z
122.45, respectively. Moreover, several mono-negative signals (z 1-), corresponding to the adducts of
the fragmented -COOH domain of biomolecules and the fragmented dendritic structures appear, e.g.,
at m/z 570.47, 643.55, 907.61, 951.59, 1097.77 or 1243.93, which are similar in both the TREN-salicylic
acid and TREN-nicotinic acid complex spectra. In the case of the TREN-folic acid (Figure S3c), an
exchange of the two protons derived from dicarboxylic drug takes place, determining the appearance
of mostly di-, but also tri- or even tetra-positive signals in the positive ESI-MS spectrum corresponding
to the dendrimers’ fragmentation ions or their sodium adducts (m/z (z 2+) 612.65, 601.68, 539.60,
528.65, 466.53, 455.55; m/z (z 3+) 401.61, 352.87; m/z (z 4+) 301.64). The least intensive signals at
m/z 909.64 and 1055.81 related to the monoprotonated (z 1+) fragmentation ions of the dendrimer
might be a consequence of the single proton exchange between the folic acid and TREN dendrimer.
In the negative spectrum, the most intensive signals are related to the di-negative ion (z 2-) of folic
acid m/z 219.69, however the spectrum also exhibits several mono-, di- and tri-negative signals at
m/z 1243.98, 1097.74, 951.55, 644.08, 570.48, 544.82, 462.80 or 380.89, corresponding to the adducts
of the fragmented dendrimer and the fragmented carboxylic group of biomolecules. There is also a
mono-negative signal at 71/z 440.23, which is connected with the exchange of a single proton, which
when interpreted together with the previous results proves the formation of the dendrimer-drug
complex, indicating the PAMAM-grafted materials’ capability of binding the acidic drugs, which is
shown in Figure 4. Therefore, the ESI-MS analysis showed that the chosen drugs can be bound to
surface dendritic structures only via electrostatic interactions with terminal amine groups. Although,
the amine groups are also utilized in the dendrimers’ immobilization process, the dendrimers may
easily interact with analytes through the other multiple free -NH, domains.
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Figure 4. The possible electrostatic interactions (dotted line) between the PAMAM-grafted silica
particles and bioactive compounds, the example of SiO,-TREN material.

The adsorptive properties of the obtained PAMAM-grafted materials were tested in isothermal
studies (Figure 5), which delivered information about the behavior of adsorbent-adsorbate interactions
and their efficiency at equilibrium state. Therefore, the experimental data were fitted to several
adsorption isotherm models for the assessment of particular physicochemical quantities. The most
broadly used models are the Langmuir and Freundlich ones, which take into account the distribution of
the binding places on the adsorbents’ surface and the interactions between the adsorbate molecules [50].
The Langmuir model (Figure S4) assumes the formation of the adsorbate monolayer on the homogenous
adsorbent surface, neglecting the adsorbate molecules’ interaction, and can be expressed by Equation
(1), where ceq is the concentration of the drug remaining in the solution at equilibrium (mg L), qeq
and qmax are the equilibrium and the maximal amount of the drug adsorbed, respectively (mg g™!),
while K, is the Langmuir constant (L mg™!):

B2, M
qeq qmax qmaxKL
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Figure 5. The isotherms of the acidic drugs’ adsorption on the obtained hybrid materials: (a) folic acid;
(b) salicylic acid; and (c) nicotinic acid. For some points, the SDs are smaller than the plotted symbols.

In contrast, the Freundlich isotherm model (Figure S5) indicates the possibility of adsorbate
multilayer formation, which is a consequence of the interactions of adsorbate molecules. Moreover, it
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assumes the heterogeneity of the adsorbent surface, influencing the adsorptive properties of materials,
and is expressed as Equation (2):

1
log 9%eq =5 log ceq + log K @)

where 1/n is the coefficient related to the heterogeneity of the adsorptive material () and Kg is the
Freundlich constant (mg g"l (L mg"')l/“). On the basis of both aforementioned linear plots of the
isothermal models, all the parameters and their standard deviations can be easily calculated from
slopes and intercepts; the relevant values are collected in Table 1.

Table 1. Isothermal parameters of the drugs’ adsorption on the PAMAM-modified materials.

Langmuir Isotherm Freundlich Isotherm

i 1o A

qm (mg g™) Ry () R? X 1o (-) R? o
SiOy-epoxy 1246 +0.96 0996  0.9654 1.000 0.80 +0.03 0.99%7 0.054
SiO-EDA 27472 + 6.87 0.9987 0.9963 0.003 093 + 002 0.9979 0.017
Folic Acid SiO,-TETA 230.95 + 18.18 0.9882 0.9977 0.025 0.96 +0.01 0.9994 0.029
SiO,-TREN 236.97 +11.79 09984 09853 0.008 091 +002 09978 0012
SiO,-TREOXA 20243 + 434 09972 09972 0727 093 +0.02 0.9982 0010
SiOy-epoxy 1.50 £ 009 09549 09827 8739 050 +0.02 09887 0072
Si0,-EDA 15748 +9.67 09956 09777 0.006 093002 09973 0013
Salicylic Acid SiO;-TETA 1544 +1.17 09803 0.9667 0.056 0.70 + 0.03 0.9858 0.046
SiO,-TREN 4292+210 08741 09848 022 046 +0.03 09855 0.037
Si0,-TRI-OXA 29.53 + 1.69 0.9902 0.9807 0.104 0.84 +0.03 0.9914 0.028
Si0,-epoxy 133010 09610 09641 8190 054 +0.02 09871 0.030
—— Si0,-EDA 20.11+2.25 08758 09408 0673 0.64+003 09907 0073
Y SiO,-TETA 486+025 0849 09870 1245 054 +003 09866 0.052
SiO,-TREN 17.74 +1.08 07724 09816 0353 042+008 09888 0032
SiO,-TRI-OXA 7.18 + 046 09508 0.9803 1.002 0.60 + 003 0.9857 0.072

All the materials, including the SiO-epoxy material, which is a bare precursor of the synthesized
hybrid materials, exhibit an adsorption capacity towards all the biocompounds studied, which is
in agreement with the Freundlich isothermal model, as confirmed by the R? correlation coefficients
higher than 0.985 for all the experiments. It is also indicated in Table 1, where the R? values for the
Freundlich model are higher or equal to the R? values calculated for the Langmuir model, that the x?
values calculated for the Freundlich model are mostly lower than those calculated for the Langmuir
fitting. Therefore, the adsorption of the biocompounds studied on the materials obtained is possible
thanks to the materials’ surface heterogeneity, proved by the Freundlich 1/n factors values ranging
between 0 and 1 and also the intermolecular interactions between the adsorbate molecules, which
are easily proved by the structural features of the bioactive compounds used. Namely, folic acid
contains three aromatic rings, which may easily interact with each other by the 77t stacking effect, as
well as electrostatic interactions between two carboxylic groups and several amine groups (terminal,
internal or even the one contained in pteridyl domain), while nicotinic and salicylic acids may be
engaged in intermolecular interactions thanks to the presence of aromatic rings in both structures.
Therefore, folic acid is the most intensively adsorbed, independently of the material used. Moreover,
the amount of hydrogen-bonding acceptors and donors in the biocompounds’ structure, and also
their pK, values, influence the intensity of the interaction with basic PAMAM dendrimers. The ratio
of the hydrogen-bonding acceptors to donors is 10/6 for folic acid, 3/2 for salicylic acid and 3/1 for
nicotinic acid, which firmly indicates the formation of the strongest interactions between the basic
PAMAM dendrimers and folic acid, while the weakest is with nicotinic acid. In addition, the acid-base
interaction of the surface dendrimers with biocompounds is dependent on their pK, values, namely
the lower the pK, value, the stronger the interaction. The pK, values are 3.49 for folic acid, 2.97 for
salicylic acid and 4.75 for nicotinic acid. On the basis of the mentioned chemical features of the studied
bioactive acids, the biocompounds can be ordered according to their binding efficiency as: folic acid >
salicylic acid > nicotinic acid. Nevertheless, the reliable fitting of the experimental data to the Langmuir
isothermal model led to the determination of maximal adsorption capacities (qn) for all the hybrid and
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bare materials. As expected, SiO,-epoxy material (bare silica support) showed the lowest adsorption
capacity towards the bioactive acids among all the adsorbents, reaching approximately 12.5 mg g™!
for folic acid, and 1.5 and 1.3 mg g~! for salicylic and nicotinic acid, respectively. The binding of
therapeutic substances in the material that does not contain dendrimer as the domain biding through
electrostatic interactions of the physical entrapment is thus based on the physical diffusion of drugs into
the material pores. SiO,-EDA which contains the dendrimer having the shortest and the least branched
terminal aminocomponent used, ethylenediamine, turned out to be the most effective adsorbent
of all the acidic bioactive compounds studied. The use of ethylenediamine ensured the highest
dendrimer-grafting efficiency at the level of 0.113 mmol g™}, which contributed to the significantly
increased adsorption capacity of the material containing it, towards the bioactive acidic compounds,
reaching the maximal adsorption capacities of 274.72, 157.48 and 20.11 mg g™ for folic, salicylic and
nicotinic acids, respectively. A high-adsorption efficiency was also noted for the SiO,-TREN material,
containing a surface dendritic structure built of symmetric tris(2-aminoethyl)amine. The doubled
number of the ultimate interacting amine groups and the increased number of cavities in the interior
of the dendrimer should have significantly enhanced the qn values, however, the steric hindrance
of the TREN dendrimer contributed to its lower loading onto the silica surface (0.082 mmol g“),
which jointly led to high, but not the highest, adsorption effectiveness. The least adsorptive materials
were the ones decorated with the TETA and TRI-OXA dendrimers, which might be a consequence
of steric hindrance and the low functionalization percentage of the dendritic structures. In addition,
the long-chained dendrimer containing additional oxygen atoms (TRI-OXA dendrimer) may not be
capable of the effective binding of compounds because of the presence of a long methylene-rich chain
which does not improve the interaction with acidic adsorbates. Thus, the adsorptive efficiency of the
materials may be ordered as: SiO,-EDA > SiO,-TREN > SiO,-TETA ~ SiO,-TRI-OXA. Moreover, for all
the adsorption experiments, the dimensionless separation Langmuir factors Ri. were calculated using
Equation (3), where cimax is the maximal concentration of the drug solutions used for the isothermal
experiments (mg L™!): ’
" 1+ Ky.Cmax
For all the experiments, the Ry, factors ranged between 0 and 1, which indicates the favorability
of the adsorption processes [51]. Furthermore, the experimental data were fitted to the Temkin and
Dubinin-Radushkevich isothermal models, which are strictly connected with specific values of the
energy of adsorption, therefore making useful tools for the investigation of physical or chemical
characters of adsorptive processes studied [50]. The Temkin isotherm linear plot (Figure S6) is given by
Equation (4), where Kr is the Temkin isotherm constant, while B is the Temkin constant strictly related
to the heat of adsorption:

Ry 3)

qequlnceq+BanT 4)

Specific values, which determine whether chemi- or physisorption takes place, may be calculated
using the linear plot of the Dubinin-Radushkevich isotherms model (Figure S7) presented below
(Equation (5)), which is described by In geq vs. €2, where ¢ is the Polanyi potential (J mol™), calculable
as e = RT - In (1+1/ceq); R is the ideal gas constant (8.314 ] mol~'K™1), and T is the temperature of the
process:

lnqeq=—[51n£2+lnqm (5)

According to the above plot, the slope of the linear plot, which equals to the activity coefficient
B (mol? J2), is necessary for the determination of the mean energy of adsorption E (J mol~) using

Equation (6):
1
E= \, T (6)

The calculated values of the Temkin constants B (Table S1) show that the adsorption energy is
significantly smaller for the precursor material (SiO,-epoxy) than for the hybrid materials functionalized
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with PAMAM dendrimers. These parameters also indicate the physical character of sorption processes
as B values are lower than 20 ] mol~! for each experiment. Physisorption is also proved by the
calculated mean energy of the adsorption value E (Table S1), which varies between 0.02 and 2.45 k]
mol~! for all the conducted experiments, remaining lower than 8 k] mol~!, which is a limit for physical
sorption [52].

2.4. Thermodynamic Studies of the Drug Adsorption Processes on the Hybrid Materials

The processes of complex formation between the chosen bioactive acids and the hybrid materials
were also described with thermodynamic parameters. Therefore, thermochemical parameters such as
the adsorption enthalpy AH® and the adsorption entropy AS° may be determined using an appropriate
principle. The van’t Hoff equation, given below as Equation (7), shows a relation between these
parameters and the temperature: 5
AH A
In Kd = _ﬁ + ? (7)
where: Ky is the equilibrium constant defined as the ratio of the amount of the drug adsorbed at
equilibrium to the concentration of the drug remaining in the solution (Kgq = qeq/ceq) (L g™!), Tisthe
temperature (K) and R is the ideal gas constant (8.314 ] mol~! K~!). From the slope and intercept of
the linear plot of InKy4 vs. 1/T (Figure S8), all the parameters are obtainable. In addition, Gibbs free
energy values of the biomolecules’ adsorption process at different temperatures were calculated using
Equation (8):

AG = -RT-InK4 ®)

The calculated thermodynamic parameters are collected in Table 2. High-correlation coefficients
R? and extremely low x? values highlight the reliability of the obtained energy values. Very low and
positive adsorption enthalpies, which for most of the adsorption processes are lower than 15 k] mol~?,
clearly indicate the endothermic physisorption, which is stabilized only by non-covalent binding, such
as electrostatic interactions and hydrogen bonds [53]. In addition, the adsorption processes are driven
by the entropy, whose positive values indicate the increased randomness in the adsorbent-solution
interface with the temperature rise. Moreover, the endothermic character of bioactive acids” adsorption
is proved by the decrease in negative AG® values with increasing temperature, reaching the lowest
values at 328 K indicating the highest intensity of adsorption (AG®38k < AG®313x < AG®301k)- Their
negative values also indicate the spontaneity of the processes.

Table 2. Thermodynamic parameters of the biomolecules’ adsorption processes on the
dendrimer-grafted silica-supported materials.

As® AG® (kJ mol1)

AH®
2 X

Biomolecule  Adsorbent 4 mol-1) (J mol-! K-1) R ¥10° ank 33K 328K

Si0,-EDA 141+012 438404 0.9855 0.002 -1178  -1232  -129

EoheAS SiO2-TETA 229+0.02 51.8+0.1 0.9998 0.001 -1331 -1393  -1471

P SiO,-TREN 143 £0.09 44203 0.9924 0.001 -1186 1239 -13.06

SiO,-TRLOXA 4.64+028 533409 09929 0.007 -1141  -1203  -1285

Si0,-EDA 4.40+013 473+04 0.9982 0.641 -9.84 -1042  -1112

Salicylic Acid  SIO2-TETA 4294 +302 1476 +96 0.9901 4545 -158 -312 -556

Y SiOy-TREN 635+ 021 537407 09979 0.649 -9.81 -1043  -1125

Si0;-TRLOXA 1359+ 076 60.0+2.4 0.9938 0.157 -444 522 -6.07

Si0,-EDA 4384025 381408 0.9936 0011 -7.10 -757 -8.13

Nicotinic Add ~ SIOrTETA 9.42+036 498+ 1.1 09972 0.029 -559 -6.16 -694

lcoiic SiO,-TREN 6.26 +0.49 432116 0.9879 0.046 -672 -728 -7.89

SiO,-TRI-OXA 1045+ 0.74 447124 0.9899 0221 -3.04 -352 -425

2.5. pH-Dependent Drug Release from the Drug-Loaded Hybrid Materials

The release of drugs anchored to the surface of the hybrid materials studied was performed in
three different media: phosphate buffered saline (PBS) (pH 7.4), acetic acid/sodium acetate buffer (pH
5.4) and hydrochloric acid/potassium chloride buffer (pH 2.0). The choice of such environments was
driven by the different pH values of blood, plasma and saliva (pH 7.4); skin (pH 5.5); and gastric
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juice (pH 1.5-3.0). Moreover, the main interactions taking part in the material-drug complexes are
electrostatic ones, which are labile towards pH changes and ionic strength. In vitro release experiments
were held at 37 °C, imitating paraphysiological conditions.

Figure 6 presents the release profiles of folic acid (A, D, G, ]), salicylic acid (B, E, H, K) and nicotinic
acid (C, E I, L) from the PAMAM-grafted hybrid materials as a function of the cumulative percentage
of drug released Q; in 20 h of incubation. From among all the experiments, the ones performed in
the most acidic environment, which was HCI/KCl buffer at pH 2.0, gave the highest release levels
ranging between 37.22% and 99.83%. The main reason for such a phenomenon is connected with
introducing the excess of H*, which readily binds with negatively charged acidic residue, leading
to repulsive interactions with the protonated amine groups of PAMAM dendrimers grafted on the
silica supports. On the other hand, the lowest percentage of drug released were established for
the desorption processes held in the PBS buffer. A composition of such a buffer was based on the
sodium and potassium cations, and the hydrogen phosphate and chloride anions, whose proportion
matches the ionic strength and osmolarity of human plasma. These ions are easily exchanging between
protonated amine groups of surface PAMAM dendrimers and deprotonated biocompounds’ molecules,
which does not afford the highest effectiveness of electrostatic interaction disruption, hindering the
drugs’ desorption. Nevertheless, the percentage amount of drugs released from the drug-loaded
hybrid materials at pH 7.4 ranges between 5.45% and 49.28% for all the experiments performed. The
analysis of the relation between the chemical structure of the drugs and their release profiles has
shown that the lowest efficiency of desorption was obtained for folic acid. The strongest binding
affinity of folic acid to the support and the acid’s steric hindrance may both hinder its elution to
an aqueous medium, irrespectively of the solution pH, thus the desorbed folic acid molecules are
usually contained in external layers of the adsorbate multilayer. Therefore, the maximal folic acid
releases at pH 2.0 are 35.42%, 54.90%, 42.40% and 41.59% from SiO,-EDA (Figure 6A), SiO,-TREN
(Figure 6D), SiO,-TETA (Figure 6G) and SiO,-TRI-OXA (Figure 6]), respectively. Salicylic and nicotinic
acid, however, have significantly smaller molecules than folic acid and exhibit a weaker binding affinity
to the PAMAM-grafted hybrid materials, which allows their greater release to aqueous solutions. The
highest percentage of released salicylic and nicotinic acid was calculated for SiO,-EDA (Figure 6B,C)
and SiO,-TREN (Figure 6H,I), which is strictly connected with the high dendrimer grafting values
of these materials and the presence of tight internal cavities within the dendrimers’ interior, jointly
improving the sorption parameters. The experiments conducted in the acidic environment in pH
2.0 gave very high release percentage values ranging between 86.88% and 99.83%. On the other
hand, SiO,-TETA, containing a TETA dendrimer grafted on the surface (branched and with larger
cavities) may tightly bind salicylic and nicotinic acid by both electrostatic/hydrogen bonding and
physical entrapment, hindering their elution, leading to maximal release percentage values at 40.75%
for salicylic acid (Figure 6E) and 37.22% for nicotinic acid (Figure 6F). A similar observation was made
when studying the release of salicylic acid and nicotinic acid from SiO,-TRI-OXA. The profiles of their
release are shown in Figure 6K,L. The exception was the release of nicotinic acid from the same material
at pH 2.0, which was much stronger than at pH 5.4 and 7.4, which can be explained by a considerable
excess of protons in the HCI/KCI buffer. This excess of protons permits the effective desorption of
nicotinic acid from the complex.
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Figure 6. Release profiles of the biocompounds (folic acid: A, D, G, J; salicylic acid: B, E, H, K; nicotinic
acid: C, E I, L) from the drug-loaded hybrid materials: SiO,-EDA (A-C); SiO,-TETA (D-F), SiO,-TREN
(G-I), SiO,-TRI-OXA (J-L) in three different environments. For some points, the SDs are smaller than
the plotted symbols.

In order to propose a mechanism which triggers the drug release from the PAMAM-grafted
hybrid materials, the experimental in vitro release at pH 2.0 (the highest release efficiency) was fitted
to several kinetic models [54,55]: the zero-order model, the first-order model, the Higuchi model, the
Korsmeyer-Peppas model and the Hixson-Crowell model, whose linear representations are given
below in the same order:

Fi = Fo + kot ©)
log(100 - Q;) = —kqt (10)
Q =kuWt a1

log Q; = nlog t +log kx_p (12)

VFo - F = kict (13)

where: F; is the cumulative amount of the drug released at time t (mg), Fy is the initial amount of
the drug loaded in the hybrid material (mg), kg is the zero-order release constant (mg h™?), Q; is the
cumulative percentage of the drug release at time t (%), k; is the first-order release constant (% h™!),
kg is the Higuchi release constant (% h™12), n is the Korsmeyer-Peppas exponent of release (-), kx.p
is the Korsmeyer-Peppas release constant (% h™), and kyyc is the Hixson-Crowell release constant
(mg'® h71).
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Table 3 presents a comparison of the experimental data fit to the first-order, the Higuchi and
the Korsemeyer-Peppas release models, which are most extensively used for the description of drug
release from various delivery platforms. The highest correlation coefficients R? of the bioactive acids
release from the PAMAM-functionalized silica materials were calculated for the Korsmeyer-Peppas
release model and were equal to or higher than 0.8. Moreover, the experimental data fitted to this
kinetic model were described with statistical x2 coefficients, the values of which were determined to be
the lowest among the values calculated for fitting to the Higuchi and the first-order kinetic models. In
addition, in this model, the n value is strictly dependent on the mechanism of drug release and if n is
lower than 0.45, the release follows a Fickian or quasi-Fickian diffusion model [56]. Such a conclusion
can be drawn for the experiments of bioactive acids released from the materials studied, which gave n
values lower than 0.34, indicating the quasi-Fickian diffusion as a mechanism of folic, salicylic and
nicotinic acid release from the dendrimer-grafted materials. In addition, the experimental data were
fitted to the zero-order and the Hixson-Crowell models (Table S2), however the obtained R? values
reached maximally 0.62, which clearly shows that the release profiles do not follow these models.

Table 3. The drug release parameters calculated for the first-order, the Higuchi and the
Korsmeyer-Peppas release models, based on the drug desorption experiments at pH 2.0.

i g faisy 2 First-Order Model Higuchi Model Korsemeyer-Peppas Model
k1 (% h-1) R2GA) ku (% h-1?2) R2 (%) n kip (% h-1) R? (%)
SiO,-EDA 0,006 +0.002 g]f;; 65418 ((1"07_2'3;3' 034 171418 &‘_‘036'4‘)
FolicAcd SIO,-TETA 0011 = 0004 3]“_517]:!) 8824 (?g;g' 026 31121 &?07,‘;’(;
SiO,-TREN 0.008 0.003 3.?; 73£19 (%.7733 031 218420 (%J.sofl‘;
Si0,-TRIOXA 0,008 +0003 &ﬁ‘l') 7719 (‘l’g ;‘;' 034 196419 &f:{;
Si0,-EDA 0.103 0030 3_79“273‘) 5623 :f;f:) 0 869 +20 %ﬂ;
SellyticAdd g ETA 0006 + 0003 s 58217 g oz 254115 e
SIO, TREN 0016 +0008 o E PSS 76416 s
Si0,-TRI-OXA 0,006 0003 35.‘&0) 53420 gﬁg 018 02419 gz’;
Acid Si0,-TETA 0007 £ 0.002 oo 65£15 S lom 191412 s
S0y TREN 0,028 +0008 g]‘?;; 5213 ﬁff; 0.06 798+08 gﬁ:ﬁ
S0, TRIOXA 0,020 + 0009 %m”; 127445 (‘;'7"_;‘1’:, 031 0144 (Odz‘;‘)

3. Materials and Methods

3.1. Materials

The support 3-(glycidoxy)propyl-functionalized silica-gel (SiO,-epoxy) was obtained from
SiliCycle Inc. (Quebec, QC, Canada). According to the specification card, the particle sizes ranged
between 40 and 63 um, the molecular loading (grafting level) was 1.21 mmol g~!, the specific surface
area equaled 494 m? g~!, the pore diameter was 60 A and pore volume was 0.74 mL g~'. All the
reagents were commercially available products used with no further purification. Ethylenediamine,
triethylenetetramine, tris(2-aminoethyl)amine, 4,7,10-trioxa-1,13-tridecanediamine, methyl acrylate,
folic acid, salicylic acid, nicotinic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
the solvents and salts used for the buffers preparation were of the purity grade p.a. Methanol and
hydrochloric acid (HCI) were purchased from STANLAB (Lublin, Poland). N,N-dimethylformamide
(DMF), dichloromethane (DCM), acetic acid (AcOH), sodium acetate (AcONa) and potassium chloride
(KCI) were obtained from Eurochem (Tarnow, Poland). Di- and monosodium phosphates (Na;HPO4
and NaH,POy) were purchased from POCH (Gliwice, Poland).
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3.2. Instruments

The ESI-MS spectra of the dendrimers and the dendrimer-biocompound complexes were recorded
on amaZon SL ion trap Bruker mass spectrometer (Bremen, Germany), using electrospray ion source
(ESI) in infusion mode. Sample solutions were introduced to the spectrometer using a syringe pump,
at a flow rate of 10 uL min~! into the ionization source. Analyses were performed in the so-called
“enhanced resolution mode” with mass ranges between 100 and 2200 m/z. Capillary voltage was
determined at —4.5 kV and —500 V for the endplate offset. The source temperature was set at 80 °C and
the desolvation temperature at 250 °C. Helium and nitrogen were used as the cone and the desolvating
gases, respectively. The flow rate of helium was set at 50 L h™! and 800 L h™! for nitrogen. The
Fourier-transformed photoacoustic infrared (FT-IR/PAS) spectra of the synthesized hybrid materials
were obtained by means of Bio-Rad Excalibur FTIR 3000 MX spectrometer (Hercules, CA, USA), using
the MTEC Model 300 photoacoustic cell and carbon black standard as a reference sample. Before
the data collection within the wavenumber range between 4000 and 400 cm™, the cell was purged
with dry helium. The thermogravimetric measurements were performed using Setaram Setsys 1200
analyser (Caluire, France). The hybrid materials were investigated for thermal stability in air stream
within the temperature range of 20-1000 °C (a heating rate: 5 °C min~1). The elemental analyses of the
materials were carried out in Elementar Vario EL Ill analyzer (Langenselbold, Germany) in CHN mode.
The SEM images of the hybrid materials were performed using the Quanta FEG 250 scanning electron
microscope. The images were recorded in high vacuum conditions (1.21-5.33-10~% Pa) and high voltage,
set at 5 kV. The working distance during the image production ranged between 9.7 and 10.1 mm.
Concentration of the drugs in the samples of adsorption and in vitro release studies was determined
by spectrophotometric method, using the Agilent 8453 UV-Vis spectrophotometer (Santa Clara, CA,
USA). All the measurements were performed at least in triplicate, in order to overcome disturbances.

3.3. Synthesis of PAMAM Dendrimers

To a solution of methyl acrylate (12.23 mL, 0.135 mol) in 50 mL of anhydrous methanol, cooled to
temperature 0 °C, a solution of tris(2-aminoethyl)amine (4.49 mL, 0.03 mol) of in 30 mL of anhydrous
methanol was added dropwise within 2 h, under nitrogen atmosphere, not to allow temperature rise
above 5 °C. Then, the reaction mixture was allowed to warm to room temperature and stirred for
5 days. Afterwards, the solvent and the excess of methyl acrylate were evaporated, and the product
was dried under vacuum at 40 °C. The orange liquid ester intermediate was obtained with 98% yield.
ESI-MS: m/z (z 1+) 663.62, 685.55.

The synthesis of final PAMAM dendrimers was performed according to the following procedure:
to the solutions of particular amines cooled to the temperature of 0 °C: ethylenediamine (3.00 mL,
45 mmol), triethylenetetramine (6.71 mL, 45 mmol), tris(2-aminoethyl)amine (6.73 mL, 45 mmol) or
4,7,10-trioxa-1,13-tridecanediamine (9.95 mL, 45 mmol) in 50 mL of anhydrous methanol, the solution
of ester intermediate (3.31 g, 5 mmol) in 20 mL of anhydrous methanol was added dropwise within 2 h
not to let the temperature rise above 5 °C. Afterwards, the mixtures were warmed to room temperature
and stirred for 5 days in the atmosphere of inert gas (N). The crude products were obtained by
extraction with cold diethyl ether (3 x 30 mL). The products were then evaporated and dried under
vacuum at 40 °C, obtaining pure EDA, TETA, TREN and TRI-OXA dendrimers, respectively.

EDA: yield = 95%; ESI-MS: m/z (z 1+) 831.78, 771.71, 717.73, 657.68, 603.69

TETA: yield = 71%; ESI-MS: m/z (z 1+) 1255.94, 1227.94, 1201.99, 1174.02, 1147.99, 1081.84, 1055.83,
1027.86, 1001.84, 973.86, 909.69, 855.73; m/z (z 2+) 628.63, 614.67, 601.68, 587.68, 574.67, 528.58, 501.57

TREN: yield = 83%; ESI-MS: m/z (z 1+) 1348.11, 1223.96, 1201.99, 1077.83, 1055.84, 931.68, 909.72; m/z (z
2+) 612.69, 601.71, 539.60, 528.62

TRI-OXA: yield = 91%; ESI-MS: m/z (z 1+) 1792.11, 1682.47, 1572.96, 1518.06, 1297.95; m/z (z 2+) 897.17;
mjz (z 3+) 598.36
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3.4. Synthesis of Hybrid Materials

Briefly, 2 mmol of each dendrimer (1.6 g EDA; 2.7 g TREN; 2.7 g TETA or 3.6 g TRI-OXA) was
dissolved in 50 mL of anhydrous DMF, and then 5 g of silica modified with glycidoxypropyl linker
(1.21 mmol g~*; 6.05 mmol of epoxy groups) were added in a few portions under a nitrogen atmosphere.
The stirring was continued for 24 h at room temperature. Afterwards, the solids were filtered off and
washed with DMF (2 X 10 mL) and DCM (1 X 15 mL). The pale yellow solids were dried in a vacuum
at 40 °C, obtaining SiO,-EDA, SiO,-TETA, SiO,-TREN and SiO,-TRI-OXA materials, respectively.

3.5. Biomolecules Adsorption Isotherms

Isothermal studies were performed individually for each hybrid material towards each of the
three bioactive compounds, i.e., folic, salicylic and nicotinic acid. The general procedure was as follows:
10 mg samples of the hybrid material were poured into a series of 10 mL of bioactive compound
aqueous solutions with various concentrations: 0.01, 0.05, 0.1, 0.2, 0.5 and 1 mM. Salicylic and nicotinic
acids were dissolved in distilled water, while folic acid in phosphate buffer at pH 8.0. The materials
were stirred in the drug solutions for 24 h at room temperature. Afterwards, the solids were filtered off
and the amount of the drug adsorbed was calculated using Equation (14):

g = (60~ o) M 19

where: ¢ is the starting concentration of the biomolecule (mM), ceq is the equilibrium concentration
of the biomolecule that remained in the solution (mM), V is the volume of the biomolecule solution
(mL), M is the molar mass of the biomolecule (g mol™'), and m is the mass of the hybrid material
sample (mg). The concentrations of the drug remaining in the solution were calculated using UV-Vis
spectrophotometric assays with absorption maxima at 365, 297 and 263 nm for folic, salicylic and
nicotinic acid, respectively.

3.6. Thermodynamic Studies of Biomolecules Adsorption on the Hybrid Materials

Thermodynamic studies were also conducted for each of the hybrid samples towards each drug,
individually. The general procedure was based on the stirring of 10 mg samples of the hybrid material
in 10 mL of 1 mM solution of particular biocompound (salicylic or nicotinic acid dissolved in distilled
water, while folic acid was dissolved in phosphate buffer at pH 8.0) at 298, 313 and 328 K for 24 h.
Then, the materials were filtered off and the amount of the acid adsorbed was calculated as described
in Section 3.5.

3.7. In-Vitro Release of Bioactive Compounds

The hybrid materials loaded with either folic, salicylic or nicotinic acid were tested for the release
of the drug in three different environments: pH 2.4 (hydrochloric acid/potassium chloride buffer),
pH 5.4 (acetic acid/sodium acetate buffer) and pH 7.4 (phosphate buffered saline: PBS). The general
procedure involved the incubation of 15 mg of the drug-loaded materials in 5 mL of the desorbing
aqueous solutions at a temperature of 37 °C. The buffers aliquots were collected at the pre-set time
intervals, with the subsequent addition of 5 mL of fresh buffers. The cumulative percentages of the
drug released Q, at time t were calculated using Equation (15), where c; is the concentration of the
drug released at time t (mM), V is the volume of the desorbing solution (mL), M is the molar mass of
the drug (g mol™!), and m is the amount of the drug in the material-drug complex used (mg):

Q=

t Ve
—Z“O(;‘l VM) 100% (15)

The drug concentrations were calculated using UV-Vis spectrophotometric measurements of folic,
salicylic and nicotinic acids at a wavelength of 365, 297 and 263 nm, respectively.
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4. Conclusions

The study reported was aimed at determination of the adsorption properties of silica-PAMAM
dendrimer hybrid materials towards chosen model biocompounds. The materials obtained by the
anchoring of ready-made poly(amidoamine) dendrimer on the silica surface via epoxy linker (‘grafting
to” approach) were successfully characterized using several analytical techniques, indicating the
dendrimers’ loading values variation between 0.054 and 0.113 mmol g~!. Although the dendrimers’
loading values were relatively low, the final hybrid materials exhibited binding efficiency towards
chosen biocompounds, which is related to the branched and amine-rich character of the grafting agents.
The highest adsorption capacity of the biocompounds studied was found for SiO,-EDA (274.72, 157.48
and 20.11 mg g~ for folic, salicylic and nicotinic acid, respectively) and SiO,-TREN (236.97, 42.92 and
17.74 mg g~! for folic, salicylic and nicotinic acid, respectively) materials. The adsorption performance
was dependent on the structural features of the studied bioactive acids. Moreover, each drug-loaded
material was investigated for the drugs’ in vitro release in three different aqueous media. The release
percentage was found to be pH-dependent, which can be presented in a series pH 2.0 > pH 5.4 > pH
7.4. In addition, the amount of the drug released was affected by its chemical structure either hindering
or improving its desorption from the material matrices, reaching maximal release between 35.42% and
54.90% for folic acid release, 40.75% and 99.83% for salicylic acid release, and 37.22% and 93.24% for
nicotinic acid release.

The synthesized hybrid materials were found to be characterized with effective adsorption and
in vitro release of the model drugs, which was possible thanks to the versatility of PAMAM dendrimer
applications. The universality of SiO,-PAMAM complexes makes them attractive candidates for
their future use as the systems for the adsorption/desorption of selected anticancer drugs as well as
pre-concentration tools for bioactive water pollutants. In addition, the enhancement of the adsorptive
properties as well as the biomedical applicability of the hybrid materials obtained are planned
to be studied using different supports, such as iron oxide (Fe;0,) nanoparticles or biocompatible
polymeric chains.

Supplementary Materials: The following are available online, Figure S1. The ESI-MS positive spectrum of ester
intermediate, Figure S2. The ESI-MS positive spectra of the synthesized PAMAM dendrimers: (a) EDA, (b) TETA,
(c) TREN and (d) TRI-OXA, Figure S3. The ESI-MS spectra (positive—top; negative—bottom) of exemplary TREN
poly(amidoamine) dendrimer complexes with the studied biomolecules: (a) salicylic acid, (b) nicotinic acid, (c)
folic acid, Figure S4. The Langmuir isotherm model fitted to the experimental data of the adsorption processes,
Figure S5. The Freundlich isotherm model fitted to the experimental data of the adsorption processes, Figure
S6. The Temkin isotherm model fitted to the experimental data of the adsorption processes, Figure S7. The
Dubinin-Radushkevich isotherm model fitted to the experimental data of the adsorption processes, Figure S8. The
thermodynamic plots of the biomolecules adsorption processes corresponding the van’t Hoff equation, Table S1.
Fitting of the experimental data to the Tekmin and the Dubinin-Radushkevich isothermal models, Table S2. The
drug release parameters calculated for the fitting of experimental data to the zero-order and the Hixson-Crowell
release models.

Author Contributions: Conceptualization, M.P. and G.S.; methodology, M.P.; software, M.P,; validation, M.P.
and G.S.; formal analysis, M.P; investigation, M.P; resources, G.S.; data curation, M.P.; writing—original draft
preparation, M.P.; writing—review and editing, G.S.; visualization, M.P,; supervision, G.S.; project administration,
M.P. and G.S.; funding acquisition, M.P. and G.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the European Union through the European Social Fund under the
Operational Program Knowledge Education Development, grant number POWR.03.02.00-00-1026/16.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Tomalia, D.A ; Baker, H.; Dewald, ].; Hall, M.; Kallos, G.; Martin, S.; Roeck, ].; Ryder, J.; Smith, P. Dendritic
macromolecules: Synthesis of starburst dendrimers. Macromolecules 1986, 19, 2466-2468. [CrossRef]

122



Molecules 2020, 25, 2660 190f 21

10.

11

12

13.

14.

15;

16.

17.

18.

19.

21.

Silva, N.P, Jr.; Menacho, EP; Chorilli, M. Dendrimers as potential platform in nanotechnology-based drug
delivery systems. IOSE ]. Pharm. 2012, 2, 23-30.

Sadekar, S.; Ghandehari, H. Transepithelial transport and toxicity of PAMAM dendrimers: Implications for
oral drug delivery. Adv. Drug. Deliv. Rev. 2012, 64, 571-588. [CrossRef]

Chanphai, P; Tajmir-Riahi, H.A. Characterization of folic acid-PAMAM conjugates: Drug loading efficacy
and dendrimer morphology. J. Biomol. Struct. Dynamics 2018, 36, 1918-1924. [CrossRef] [PubMed]

Li, J; Liang, H.; Liu, J.; Wang, Z. Poly (amidoamine) (PAMAM) dendrimer mediated delivery of drug and
PDNA/siRNA for cancer therapy. Int. |. Pharm. 2018, 546, 215-225. [CrossRef]

Fox, LJ.; Richardson, R.M.; Briscoe, W.H. PAMAM dendrimer-cell membrane interactions. Adv. Colloid Interf.
Sci. 2018, 257, 1-18. [CrossRef]

Ehsan, M.; Kharat, A.N.; Adeli, M. Polyamidoamine and polyglycerol; their linear, dendritic and
linear-dendritic architectures as anticancer drug delivery systems. |. Mater. Chem. B 2015, 3, 3896-3921.
Jones, C.E;; Campbell, R.A.; Brooks, A.E.; Assemi, S.; Tadjiki, S.; Thiagarajan, G.; Mulcock, C.; Weyrich, A.S.;
Brooks, B.D.; Ghandehari, H.; et al. Cationic PAMAM Dendrimers Aggressively Initiate Blood Clot Formation.
ACS Nano 2012, 6, 9900-9910. [CrossRef] [PubMed]

Patel, M.; De Paoli, S.H.; Elhelu, O.K,; Farooq, S.; Simak, ]. Cell membrane disintegration and extracellular
vesicle release in a model of different size and charge PAMAM dendrimers effects on cultured endothelial
cells. Nanotoxicology 2019, 13, 664-681. [CrossRef]

Sweet, D.M.; Kolhatkar, R.B.; Ray, A.; Swaan, P.; Ghandehari, H. Transepithelial transport of PEGylated
anionic poly (amidoamine) dendrimers: Implications for oral drug delivery. ]. Control. Release 2009, 138,
78-85. [CrossRef]

Kumar, P.D.; Kumar, PV,; Selvam, T.P.; Sambasiva Rao, K.R.S. Prolonged Drug Delivery System of PEGylated
PAMAM Dendrimers with a Anti-HIV Drug. Res. Pharm. 2013, 3, 8-17.

Yan, C; Gu, J.; Lv, Y,; Shi, W.; Wang, Y; Liao, Y.; Deng, Y. Caproyl-Modified G2 PAMAM Dendrimer (G2-AC)
Nanocomplexes Increases the Pulmonary Absorption of Insulin. AAPS Pharm. Sci. Tech. 2019, 20, 298-304.
[CrossRef]

Nguyen, T.T.C;; Nguyen, C.K; Nguyen, T.H.; Tran, N.Q. Highly lipophilic pluronics-conjugated
polyamidoamine dendrimer nanocarriers as potential delivery system for hydrophobic drugs. Mater.
Sci. Eng. C 2017, 70, 992-999. [CrossRef] [PubMed]

Kolhatkar, R.B.; Kitchens, KM.; Swaan, PW.; Ghandehari, H. Surface acetylation of polyamidoamine
(PAMAM) dendrimers decreases cytotoxicity while maintaining membrane permeability. Bioconjug. Chem.
2007, 18, 2054-2060. [CrossRef]

Pisal, D.S; Yellepeddi, VK.; Kumar, A.; Kaushik, R.S.; Hildreth, M.B.; Guan, X.; Palakurthi, S. Permeability
of surface-modified polyamidoamine (PAMAM) dendrimers across Caco-2 cell monolayers. Int. |. Pharm.
2008, 350, 113-121. [CrossRef] [PubMed]

Pourianazar, N.T,; Mutly, P.; Gunduz, U. Bioapplications of poly(amidoamine) (PAMAM) dendrimers in
nanomedicine. |. Nanopart. Res. 2014, 16, 2342-2379. [CrossRef]

Ciolkowski, M.; Petersen, ].E; Ficker, M.; Janaszewska, A.; Christensen, ].B.; Klajnert, B.; Bryszewska, M.
Surface modification of PAMAM dendrimer improves its biocompability. Nanomed. Nanotechnol. Biol. Med.
2012, 8, 815-817. [CrossRef] [PubMed]

Kesharwani, P; Xie, L.; Mao, G.; Padhye, S.; Iyer, A.K. Hyaluronic acid-conjugated polyamidoamine
dendrimers for targeted delivery of 3,4-difluorobenzylidene curcumin to CD44 overexpressing pancreatic
cancer cells. Colloids Surf. B Biointerf. 2015, 136, 413-423. [CrossRef] [PubMed]

Peng, ].; Qi, X; Chen, Y.; Ma, N.; Zhang, Z.; Xing, ].; Zhu, X; Li, Z.; Wu, Z. Octreotide-conjugated PAMAM
for targeted delivery to somatostatin receptors over-expressed tumor cells. J. Drug Target. 2014, 22, 428-438.
[CrossRef] [PubMed]

Pawlaczyk, M.; Kurczewska, J.; Schroeder, G. Nanomaterials Modification by Dendrimers—A review. World
J. Res. Rev. 2018, 6, 14-30.

Zhou, L.; Yuan, J.; Wei, Y. Core-shell structural iron oxide hybrid nanoparticles: From controlled synthesis to
biomedical applications. J. Mater. Chm. 2010, 21, 2823-2840. [CrossRef]

Arachchige, M.P;; Laha, S.S.; Naik, A.R.; Lewis, K.T.; Naik, R.; Jena, B.P. Functionalized nanoparticles enable
tracking the rapid entry and release of doxorubicin in human pancreatic cancer cells. Micron 2017, 92, 25-31.
[CrossRef] [PubMed]

123



Molecules 2020, 25, 2660 20 of 21

23.

24.

27.

31.

32

37.

41.

Zhang, Y.; Liu, ].Y;; Yang, F; Zhang, YJ.; Yao, Q.; Cui, TY.; Zhao, X;; Zhang, Z.D. A new strategy for
assembling multifunctional nanocomposites with iron oxide and amino-terminated PAMAM dendrimers. J.
Mater. Sci. Mater. Med. 2009, 20, 2433-2440. [CrossRef] [PubMed]

Tajabadi, M.; Khosroshahi, M.E.; Bonakdar, S. An efficient method of SPION synthesis coated with third
generation PAMAM dendrimer. Colloids Surf. A Physicochem. Eng. Aspects 2013, 431, 18-26. [CrossRef]
Zhao, H.; Gu, W.; Ye, L.; Yang, H. Biodistribution of PAMAM dendrimer conjugated magnetic nanoparticles
in mice. J. Mater. Sci. Mater. Med. 2014, 25, 769-776. [CrossRef] [PubMed]

Khodadust, R.; Unsoy, G.; Yalcin, S.; Gunduz, G.; Gunduz, U. PAMAM dendrimer-coated iron oxide
nanoparticles: Synthesis and characterization of different generations. J. Nanopart. Res. 2013, 15, 1488-1500.
[CrossRef]

Banei, M.; Salami-Kalajahi, M. A “Grafting to” Approach to Synthesize Low Cytotoxic
Poly(aminoamide)-Dendrimer-grafted Fe304 Magnetic Nanoparticles. Adv. Polym. Technol. 2018, 37,
943-948. [CrossRef]

Chang, Y.; Li, Y.; Meng, X.; Liu, N.; Sun, D.; Liu, H.; Wang, ]. Dendrimer functionalized water soluble
magnetic iron oxide conjugates as dual imaging probe for tumor targeting and drug delivery. Polym. Chem.
2013, 4, 789-794. [CrossRef]

Xu, S.; Wu, ].; Jiang, W.; Tian, R. Synthesis and Characterization of a Poly(amido amine) Modified Magnetic
Nanocarrier for Controlled Delivery of Doxorubicin. J. Nanosci. Nanotechnol. 2016, 16, 1363-1369. [CrossRef]
Nigam, S.; Chandra, S.; Newgreen, D.E; Bahadur, D.; Chen, Q. Poly(ethylene glycol)-Modified
PAMAM-Fe304-Doxorubicin Triads with the Potential for Improved Therapeutic Efficacy:
Generation-Dependent Increased Drug Loading and Retention at Neutral pH and Increased Release
at Acidic pH. Langmuir 2014, 30, 1004-1011. [CrossRef]

Nigam, S.; Bahadur, D. Dendrimerized Magnetic Nanoparticles as Carriers for the Anticancer Compound,
Epigallocatechin Gallate. IEEE Trans. Magnet. 2016, 52, 1-5. [CrossRef]

Nosrati, H.; Adibtabar, M.; Sharafi, A.; Danafar, H.; Kheiri, M.H. PAMAM-modified citric acid-coated
magnetic nanoparticles as pH sensitive biocompatible carrier against human breast cancer cells. Drug Dev.
Ind. Pharm. 2018, 44, 1377-1384. [CrossRef]

El-Sigeny, S.M.; Abou Taleb, M.E. Synthesis, Characterization, and Application of Dendrimer Modified
Magnetite Nanoparticles as Antimicrobial Agent. Life Sci. . 2015, 12, 161-170.

Yu, S.; Li, G.; Liu, R.; Ma, D.; Xue, W. Dendritic Fe304@Poly(dopamine)@PAMAM Nanocomposite as
Controllable NO-Releasing Material: A Synergistic Photothermal and NO Antibacterial Study. Adv. Funct.
Mater. 2018, 28, 1707440. [CrossRef]

Cancino, J.; Paino, LM.M.; Micocci, K.C.; Selistre de Araujo, H.S.; Zucolotto, V. In vitro nanotoxicity of
single-walled carbon nanotube-dendrimer nanocomplexes against murine myoblast cells. Toxic. Letters 2013,
219, 18-25. [CrossRef]

Zheng, X.; Wang, T; Jiang, H.; Li, Y;; Jiang, T.; Zhang, J.; Wang, S. Incorporation of Carvedilol into
PAMAM-functionalized MWNTs as a sustained drug delivery system for enhanced dissolution and
drug-loading capacity. Asian J. Pharm. Sci. 2013, 8, 278-286. [CrossRef]

Wen, S.; Liu, H.; Cai, H.; Shen, M.; Shi, X. Targeted and pH-Responsive Delivery of Doxorubicin to Cancer
Cells Using Multifunctional Dendrimer-Modified Multi-Walled Carbon Nanotubes. Adv. Healthcare Mater.
2013, 2, 1267-1276. [CrossRef]

Kurczewska, J.; Ceglowski, M.; Messyasz, B.; Schroeder, G. Dendrimer-functionalized halloysite nanotubes
for effective drug delivery. Appl. Clay Sci. 2018, 153, 134-143. [CrossRef]

Eskandarloo, H.; Arshadi, M.; Abbaspourrad, A. Magnetic Dendritic Halloysite Nanotube for Highly
Selective Recovery of Heparin Digested from Porcine Intestinal Mucosa. ACS Sustain. Chem. Eng. 2018, 6,
14561-14573. [CrossRef]

Hu, Y.; Chen, J.; Li, X,; Sun, Y,; Huang, S.; Li, Y.; Liu, H.; Xu, J.; Zhong, S. Multifunctional halloysite nanotubes
for targeted delivery and controlled release of doxorubicin in-vitro and in-vivo studies. Nanotechnology 2017,
28,375101. [CrossRef]

Xu, X;; Lu,S.; Gao, C.; Wang, X.; Bai, X.; Gao, N.; Liu, M. Facile preparation of pH-sensitive and self-fluorescent
mesoporous silica nanoparticles modified with PAMAM dendrimers for label-free imaging and drug delivery.
Chem. Eng. ]. 2015, 266, 171-178. [CrossRef]

124



Molecules 2020, 25, 2660 21 of 21

42,

47.

49.

51.

52.

Lotfi, R.; Hayati, B.; Rahimi, S.; Shekarchi, A.A.; Mahmoodi, N.M.; Bagheri, A. Synthesis and characterization
of PAMAM/SiO2 nanohybrid as a new promising adsorbent for pharmaceutical. Microchem. J. 2019, 146,
1150-1159. [CrossRef]

Torres, C.C.; Campos, C.H.; Diaz, C.; Jiménez, V.A; Vidal, F; Guzman, L.; Alderete, ].B. PAMAM-grafted
TiO2 nanotubes as novel versatile materials for drug delivery applications. Mater. Sci. Eng. C 2016, 65,
164-171. [CrossRef]

Zhang, Q.; Wang, L.; Jiang, Y.; Gao, W.; Wang, Y.; Yang, X.; Yang, X_; Liu, Z. Gold Nanorods with Silica Shell
and PAMAM Dendrimers for Efficient Photothermal Therapy and Low Toxic Codelivery of Anticancer Drug
and siRNA. Adv. Mater. Interfaces 2017, 4,1701166. [CrossRef]

Xiao, H.; Yan, L.; Dempsey, EM.; Song, W.; Qi, R.; Li, W.; Huang, Y.; Jing, X.; Zhou, D.; Ding, J.; et al. Recent
progress in polymer-based platinum drug delivery systems. Progress Polym. Sci. 2018, 87, 70-106. [CrossRef]
Akin, M.; Bongartz, R.; Walter, ].G.; Demirkol, D.O.; Stahl, F; Timur, S.; Scheper, . PAMAM-functionalized
water soluble quantum dots for cancer cell targeting. J. Mater. Chem. 2012, 22, 11529-11536. [CrossRef]
Geraldo, D.A.; Duran-Lara, E.E; Aguayo, D.; Cachau, RE.; Tapia, J.; Esparza, R,; Yacaman, M.];
Gonzalez-Nilo, ED.; Santos, L.S. Supramolecular complexes of quantum dots and a polyamidoamine
(PAMAM)-folate derivative for molecular imaging of cancer cells. Anal. Bioanal. Chem. 2011, 400, 483-492.
[CrossRef]

Kaczorowska, M.A.; Cooper, H.J. Electron Capture Dissociation, Electron Detachment Dissociation, and
Collision-Induced Dissociation of Polyamidoamine (PAMAM) Dendrimer Ions with Amino, Amidoethanol,
and Sodium Carboxylate Surface Groups. J. Am. Soc. Mass Spectrom. 2008, 19, 1312-1319. [CrossRef]
Socrates, G. Infrared and Raman Characteristic Group Frequencies. Tables and Charts, 3rd ed.; John Wiley and
Sons Ltd.: Chichester, UK, 2001; pp. 50-53, 94-108, 139-148.

Foo, K.Y.; Hameed, B.H. Insights into the modeling of adsorption isotherm systems. Chem. Eng. J. 2010, 156,
2-10. [CrossRef]

Ayawei, N.; Ebelegi, A.N.; Wankasi, D. Modelling and Interpretation of Adsorption Isotherms. J. Chem. 2017,
2017, 1-11. [CrossRef]

Vahidhabanu, S.; Idowu, A.A.; Babu, R.B. Magnetic core layered double hydroxide over halloysite as a robust
adsorbent for the treatment of dye-contaminated wastewater: A clean approach for industrial applications.
Desalin. Water Treat. 2019, 138, 379-388. [CrossRef]

Sanchez Zambrano, K.S.; Vilarassa-Garcia, E.; Maia, D.A.S.; Bastos-Neto, M.; Rodriguez-Castellon, E.;
Azevedo, D.C.S. Adsorption microcalorimetry as a tool in the characterization of amine-grafted mesoporous
silicas for CO; capture. Adsorption 2019, 26, 165-175. [CrossRef]

Bohrey, S.; Chourasiya, V.; Pandey, A. Polymeric nanoparticles containing diazepam: Preparation, optimization,
characterization, in-vitro drug release and release kinetic study. Nano Converg. 2016, 3, 1-7. [CrossRef]
Somanathan, T;; Krishna, VM.; Saravanan, V,; Kumar, R;; Kumar, R. MgO Nanoparticles for Effective Uptake and
Release of Doxorubicin Drug: pH Sensitive Controlled Drug Release. J. Nanosci. Nanotechnol. 2016, 16, 9421-9431.
[CrossRef]

Waua, LY;; Balaa, S.; Skalko-Basneta, N.; Pio di Cagno, M. Interpreting non-linear drug diffusion data: Utilizing
Korsmeyer-Peppas model to study drug release from liposomes. Eur. J. Pharm. Sci. 2019, 138, 105026. [CrossRef]
[PubMed]

Sample Availability: Samples of the compounds SiO2-EDA, SiO2-TETA, SiO2-TREN and SiO2-TRI-OXA are

available from the authors.
0 © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

125



Dendrimer-functionalized hybrid materials based on
silica as novel carriers of bioactive acids

Mateusz Pawlaczyk *, Grzegorz Schroeder !

! Faculty of Chemistry, Adam Mickiewicz University in Poznan, Uniwersytetu Poznarskiego 8,
61-614, Poznan, Poland
* Corresponding Author: mateusz.pawlaczyk@amu.edu.pl

Supplementary Information

Section A: The ESI-MS spectra of the synthesized dendrimers and their complexes with
bioactive compounds studied
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Figure S3. The ESI-MS spectra (positive — top; negative - bottom) of exemplary TREN
poly(amidoamine) dendrimer complexes with the studied biomolecules: (a) salicylic acid,
(b) nicotinic acid, (c) folic acid.
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Section B: The supplement of the conducted adsorption experiments
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Figure S4. The Langmuir isotherm model fitted to the experimental data of the adsorption processes.
For some points SDs are smaller than the plotted symbols.
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Figure S5. The Freundlich isotherm model fitted to the experimental data of the adsorption processes.

For some points SDs are smaller than the plotted symbols.
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Figure S7. The Dubinin-Radushkevich isotherm model fitted to the experimental data of
the adsorption processes. For some points SDs are smaller than the plotted symbols.
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Table S1. Fitting of the experimental data to the Tekmin and the Dubinin-Radushkevich isothermal models.

Temkin isotherm Dubinin-Raduschkevich isotherm
Biomolecule Adsorbent B E
e X [KJ mol] B X

SiOr—epoxy 1.54 0.8608  0.010 0.209 + 0.075 0.6052  43.592

SiO—EDA 16.75 0.7564  16.250 0.260 + 0.106 0.5474 9.514

Folic Acid SiO—TETA 19.83 0.8038  7.689 0.296 + 0.115 05717  9.091
SiO~TREN 17.07 0.7635  12.862 0.273 £ 0.110 0.5508 9.160
SiO—TRI-OXA 11.58 0.7532  9.980 0.242 + 0.099 0.5440  10.392

SiOx—epoxy 0.25 0.9490 0512 0.406 + 0.108 0.7376 6.140
SiO—EDA 9.47 0.7628  27.602 0.526 + 0.185 0.6173  12.798
Salicylic Acid SiO—TETA 331 0.8354  8.626 0.462 + 0.156 0.6366  14.136
SiO~TREN 5.73 0.9098  12.498 2.448 £ 0.927 0.5824 6.369
SiO—TRI-OXA 2.82 0.8713  19.115 0.496 + 0.166 0.6426  12.631
SiOx—epoxy 0.22 0.9299  0.636 0.020 + 0.005 0.7540  61.718

SiO—~EDA 299 0.8557  6.049 0.871+ 0373 0.5207 8.278

Nicotinic Acid SiO—TETA 0.84 09587 0473 0.813 £ 0.257 0.6676 6.779
SiO—~TREN 2.90 09294  6.128 0.997 + 0.314 0.6593 7.170
SiO—TRI-OXA 1.18 0.9221 2.068 0.620 £ 0.219 0.6359  11.258
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Figure S8. The thermodynamic plots of the biomolecules adsorption processes corresponding
the van’t Hoff equation. For some points SDs are smaller than the plotted symbols.
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Section C: The supplement of the conducted drug-release experiments

Table S2. The drug release parameters calculated for the fitting of experimental data to
the zero-order and the Hixson-Crowell release models.

Zero-order model Hixson-Crowell model
Biomolecule Adsorbent ki R? knc R?
[mg h1] (x?) [mg'3 h1] (x?
] 0.5433 0.4265
SIO-EDA 00060002  (ooo 000820004 o
SiO>-TETA 0.005 + 0.002 f5an7 0.007 + 0.003 iy
o (0.058) (0.073)
Folic Acid 0.5698 0.4599
To 1005 + 0. : .007 + 0. )
SiO:-TREN 0.005 + 0.002 0.061) 0.007 £ 0.004 (0.063)
0.5860 0.4649
iO>TRI- .004 + 0.001 .008 + 0.004
SiO-TRI-OXA  0.004 + 0.00 (0.059) 0.008 = 0.00 (0.072)
] 0.3547 0.3371
SiO-EDA 0.007 + 0.004 (0.042) 0.003 + 0.002 (0.111)
SiO-TETA 0.006 + 0.002 04885 0.006 + 0.003 0.4250
S—— ; (0.066) (0.039)
Salicylic Acid 03611 0.3416
SiO~-TREN 0.006 + 0.004 0.032) 0.003 + 0.002 (0.071)
) 0.3809 0.3374
SiO>-TRI-OXA  0.005 + 0.003 (0.069) 0.005 + 0.003 (0.056)
] 0.6156 0.5821
SIO-EDA  0004£0001 oo 000420001 o
SIO-TETA 00040001 000 0o06x0002 072
S T (0.045) (0.032)
Nicotinic Acid 0.5655 0.0592
SIO~TREN 000420002 o 000120002 o0
i 0.4099 0.3438
SiO>-TRI-OXA  0.008 + 0.004 (0.159) 0.008 + 0.005 (0.235)
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anhydride) and PAMAM Dendrimer as a Versatile Supramolecular
Adsorbent

Mateusz Pawlaczyk™ and Grzegorz Schroeder

Cite This: ACS Appl. Polym. Mater. 2021, 3, 956-967 E Read Online

ACCESS | |l Metrics & More | Article Recommendations | @ Ssupporting Information

0,
{ l - wl

| . oy

! 0l Lo
$ l L)

L]

Cycles

o % 888 2

PMVEAMA-PAMAM

ABSTRACT: Adsorptive materials demand meeting several criteria, including the versatility of applications, synthetic easiness,
reusability, eco-friendliness, and low-cost production. Therefore, the following study aimed at the synthesis of dual-polymeric
material containing biocompatible poly(methyl vinyl ether—alt—maleic anhydride) (PMVEAMA) matrix functionalized with
multifunctional and branched poly(amidoamine) (PAMAM) dendrimer. The obtained PMVEAMA—-PAMAM material was
characterized with several analytical techniques and investigated as an adsorbent of several analytes, which belong to a class of either
water contaminants or bioactive molecules. Adsorption isothermal studies have been perfc d, using aq lutions of analytes
(conditions: distilled water or phosphate buffer pH 8.0 solutions of concentration ranging between 0.1 and 1 mM; room
p ¢; 24 h incubation), which revealed highly satisfactory results of the maximal adsorption capacity q,, values, e.g. 367.65
and 304.88 mg g~' for Congo Red and folic acid, respectively. The studies aiming to a description of the material—dye complexes
included also adsorption kinetic studies and S cycles of adsorption/desorption steps, showing fast and intense dye adsorption and
high reusability of the material toward dye scavenging. Moreover, PMVEAMA—PAMAM has been investigated for the drug delivery
of four biocompounds. The release studies performed in three different media showed that material—drug complexes dissociate to
the highest extent at pH 2.0, reaching maximally 94.90% for salicylic acid. The performed experiments indicate the versatility of
PMVEAMA-PAMAM applications, including chemical analysis, environmental protection, and in vitro biomedical application.

KEYWORDS: adsorption, polymeric adsorbent, PAMAM dendrimer, organic dyes, biocompounds, in vitro drug release

1. INTRODUCTION become an attractive group of platforms for the creation of
functional materials. Among such polymeric chains, the
alternating copolymer of methyl vinyl ether and maleic
anhydride (PMVEAMA) has been considered to find versatile
chemical and biomedical applications related to its biocompat-
ibility, biodegradability, easy functionalization, and mucoadhe-
sive properties.””” Since PMVEAMA is water-soluble, easiness in

Over the past few decades, hybrid materials gained significant
attention according to a versatility of their components allowing
for a wide range of applications, especially as drug delivery
systems, tools for targeted gene therapy, scavenging materials for
aqueous or organic media purification, or tools finding
application in analytical chemistry. A classic hybrid material is
composed of a supporter undergoing surface functionalization
with a particular organic domain. Silica either in amorphous or Received: November 12, 2020
mesoporous form, magnetite nanoparticles, clay nanotubes, Accepted: December 28, 2020
titania particles, quantum dots, and metal nanoparticles are the Published: January 6, 2021
most commonly used inorganic supporters for the preparation of

hybrid materials. Also, in recent years, synthetic and biosourced

polymers exhibiting interesting physicochemical properties have

©2021 American Chemical Society hitps2/dx.doi.0rg/10.1021/acsapm 0c01254
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its functionalization is highly important, which allows for tuning
solubility and dispersibility of polymer-based materials through
various modifications, such as surface functionalization, cross-
linking, or encapsulation.

The biomedical applications of PMVEAMA-based materials
are mostly connected with the synthesis of drug-loaded
nanovehicles, which therapeutic effects may be stimulated by
several functionalizations leading to prolonged drug release,
increase in biocompatibility, or improvement of mucoadhesive
properties. Although the main domains responsible for
enhanced hydrogen bonding between the polymeric chain and
mucosa components are the two carboxylic groups available as
anhydride ring hydrolysis products, functionalization of
polymers may improve adhesive properties. Such a phenomenon
was observed for PMVEAMA cross—linked with 1,3—diamino-
propane or glycerine, as well as coated with vitamin B12.* > The
nanoparticles were studied for in vivo bioadhesion, as the rate of
particles adhered to the animal gut (stomach, intestine, and
cecum regions) in the administration time, revealing improved
interacting time. Moreover, the polymer was also functionalized
with PEGs with different molecular weights, showing the
dependence between the functionalizing PEG length and the
affinity to adsorb mucin.” Nevertheless, improved adhesive
properties of the polymeric materials are only a beneficial feature
of their therapeutic effect as drug—delivery or cell—penetrating
systems. For instance, PMVEAMA was characterized as an
efficient platform for prolonged delivery of propranolol
hydrochloride, a nonselective f-adrenergic blocking agent, or
L-a-dimyristoylphosphatidylcholine (DMPC), as well as a
candidate for intravaginal administration of glycyrrhizic acid,
the triterpenic saponin exhibiting therapeutic effects for the
treatment of HPV and cervical cancer lesions. S, 7, and 8 The
polymer chains cross—linked with diols of different lengths were
designed as percutaneous drug—delivery platforms, studied for
in vitro permeation of pyridoxine hydrochloride.” Studies
showed higher permeation ability of cross—linked polymer
materials, indicating an influence of cross—linking agent’s length
on the improvement rate. Moreover, Luzardo-Alvarez et al.
proposed a synthesis of PMVEAMA—based sponges by
cross—linking of the polymer chains with glutaraldehyde or
genipin for delivery of amoxicillin, an antibiotic used for the
treatment of dental root canals infected with Enterococcus
faecalis."’ What is interesting, cross—linking of PMVEAMA
chains may be also performed with a use of metal cations, such as
Zn®* or Ca®, resulting in microwave irradiation—sensitive
matrices for the targeted delivery of bioactive compounds.'' The
nanoparticles of methyl vinyl ether and maleic anhydride
copolymer were also investigated for transfection or direct
binding to cancer cells.'” The ones associated with aluminum—
phthalocyanine chloride by electrostatic interactions between
the negative carboxylate groups of opened anhydride rings of
PMVEAMA and the positive metallic center of phthalocyanine
were tested for their photodynamic activity towards chosen
cancer cell lines." The material was successfully described as a
singlet oxygen—generating system causing cell death after its
prior transfection. The polymer may also play a role of coating
material, which was implemented for encapsulation of hydro-
phobic selol nanocapsules—a mixture of selenitetriacylglycer-
ides, exhibiting proved anticancer activity.'”'* The PMVEA-
MA/selol nanoparticles surface—functionalized with folic acid as
a targeting marker exhibited high cytotoxicity towards 4T1,
MCF-7, HeLa, and NIH—-3T3 cancer cell lines, reaching cell
viabilities approximately of 15%.
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Physicochemical properties of PMVEAMA have also
prompted its implementation as a network of biocompatible
hydrogels. The polymer—based hydrogels exhibit increased
water dispersibility, excellent swelling properties, high cyto-
compatibility, increased adhesiveness, and satisfactory mechan-
ical properties. Mostly, hydrogels are formed by a cross—linking
process using polyfunctional nonionic surfactants, such as PEG
and Pluronic F127, and polysuga.r domains, e.g. pectin, cellulose,
or cellulose derivatives.'“™>" The choice of a particular
cross—linker affects the materials plasticity, hardness, and
swelling abilities of final materials, as well as their ability to
adhere, effectiveness in biocompounds permeation, and drug
controlled release potential. Also, a few reports describe the
gelation process performed by autoclaving of PMVEAMA with
poly(vinyl alcohol), Diels—Alder coupling between furfuryl-
ami and (2 hyl) ~N—maleimide derivatives of the
polymer, and supramolecular assembly of PMVEAMA—/i—cy-
clodextrin and PMVEAMA—p—aminobenzene chains.” ™"
Nevertheless, it needs to be highlighted that despite the
synthetic routes, all the hydrogels were found to be highly
biocompatible and effective tools for biomedical applications.
The described versatile and biocompatible polymer has also
found its application as a platform for various analytical tools.
For instance, core/shell particles based on magnetic beads
encapsulated with poly(methyl vinyl ether—maleic anhydride)
were successfully used for human influenza A and B viruses
capture from nasal aspirates and allantoic fluid.” Also, bare
PMVEAMA and its poly(vinyl alcohol)—blended nanofibers
were proved for efficient amino acids and protein adsorption,
while the polymer’s particles functionalized with structurally
different amines and 2,4—dichlorophenoxyacetic acid chloride
were confirmed for excellent delivery of 2,4—D as a model
herbicide, using hydrolytic release mechanism in basic and acidic
media.”"*" Moreover, the polymer functionalized with
3—aminophenylboronic acid found an application as a platform
for diol sensing (such as ribonucleosides and carbohydrates),
while a membrane based on PMVEAMA and poly(vinylidene
fluoride) with doped TiO, particles offered satisfactory
photodegradative properties toward organic Reactive Black
(RBS) dye "%

Our present research aims to investigate poly(methyl vinyl
ether—alt—maleic anhydride) functionalization with highly
branched, symmetric, and monodisperse poly(amidoamine)
dendrimer. The choice of PAMAM dendrimer is strictly related
to its proved biocompatibility and versatility in the formation of
PAMAM—analyte complexes. The structural features of this
kind of dendrimers (multiple terminal amine groups, internal
amide domains, and cavities between dendrimer’s branches)
allow for binding of several compounds through various
physicochemical processes, which are electrostatic interactions
and coordination of metal cations, as well as physical entrapment
within a dendritic matrix. Therefore, PMVEAMA—PAMAM
dual—polymeric material should exhibit the versatility of
applications, especially as an effective scavenger of various
contaminants and a tool for drug delivery, concerning the
biocompatibility of both reagents. Moreover, the polyamine
character of PAMAM dendrimer may lead to cross—linking of
the polymeric support, which makes the material insoluble in
aqueous samples and more stable in either acidic or basic
environments, affording broad usability perspectives. Although,
a creation of such material may find a wide range of applications,
as a consequence of highly utilizable physicochemical features of
both polymeric components, to the best of our knowledge the

httpsy//dx.doi.org/10.1021/acsapm 0c01254
ACS Appl. Polym. Mater. 2021, 3, 956-967
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following study is a very first attempt to synthesis and analytical
applications of the aforementioned polymeric material. The
obtained material was characterized with several analytical
techni and subsequently investigated for binding efficiency
toward chosen organic dyes as model water contaminants and
bioactive acids as model biocompounds.

2. MATERIALS AND METHODS

2.1. Materials. All the reagents and solvents without any further
purification, otherwise indicated. Poly(methyl vinyl ether—alt—maleic
anhydride) (PMVEAMA) (average M,, ~ 216 000, average M, ~ 80

the temperature rise above 4 °C. Afterwards, the cooling bath was
removed, and the reaction mixture was stirred at room temperature for
S days (N,). After reaction completion, monitored with ESI-MS
analysis, solvent and excess of reagent were evaporated and the crude
product was dried under reduced pressure at 40 °C, yielding pale yellow
liquid ester intermediate (1). Yield: 97.7% (7.82 g; 14.66 mmol). ESI-
MS: (z +1) m/z 534.77.
2.3.2. Synthesis of PAMAM Dendrimer (2). An anhyd 1
of 8.14 mL of diethylenetriamine (75 mmol) in S0 mL of MeOH was
cooled to temperature 0 °C in a water—ice bath under nitrogen
here. Then, an anhyd 1 of 5.34 g of ester
mtermednate (1) (10 mmol) m 30 mL of MeOH was added dropwise,

000) of p.a. purity grade, diethylenetriamine >99%, tris(2-aminoethyl)-
amine >96%, maleic anhydride >99%, and all the analytes used for
adsorption experiments (folic acid >97%, salicylic acid >99%, nicotinic
acid 299.5%, riboflavin >98%, Congo Red >85%, and Sunset Yellow
FCF > 90%) were purchased from Sigma-Aldrich (St. Louis, MO). The
solvents and the ingredients of buffers were described as of p.a. purity
grade. Diethyl ether, potassium chloride, disodium hydrophosphate
dehydrate, and sodium dihydrophosphate hydrate were obtained from
POCH (Gliwice, Poland). Methanol, toluene, and hydrochloric acid
were supplied by Stanlab (Lublin, Poland), acetic acid was obtained
from Chempur (Piekary Slaskie, Poland), and sodium acetate trihydrate
was purchased from Eurochem BGD (Tarnéw, Poland). The dimethyl
ide used in exp was purchased from Merck (Darmstadt,
Germany) and dried over molecular sieves 4 A for 24 h before use.

g a low ure. Afterwards, the mixture was
subsequently warmed to room temperature and stirring was held for
S days under N, phere. Reaction completion was confirmed with
ESI=MS analysis. An excess of solvent was evaporated, and then the
product was extracted with cooled Et,0. The crude product was dried
under reduced pressure at 45 °C, yielding in orange honey-like
dendrimer (2). Yield: 89.7% (7.98 g; 8.97 mmol). ESI-MS: (z +1) m/z
889.78, 786.71, 732.77, 629.68, 575.68, 440.49, 418.50, 283.32, 261.35.
3C—NMR (CD,0D, 400 MHz), &: 34.64, 36.56, 38.61, 40.00, 41.68,
41.87, 44.80, 46,51, S1.81, 52.51, 164.09, 175.06.

2.3.3. Immobilization of PAMAM Dendrimer (2) on Poly(methyl
vinyl—alt—maleic anhydride). In a three—necked flask equipped with
a reflux condenser, 4.55 g of dendrimer (2) (5.12 mmol) was dissolved
in 40 mL of DMSO. The mixture was heated to 110 °C under nitrogen

2.2. Instruments. The ESI-MS spectra of the ester-i di
and the PAMAM dendrimer were recorded on an amaZon SL ion trap
Bruker mass spectrometer (Bremen, Germany). Electrospray ion
source (ESI) worked in infusion mode. The samples were introduced to
spectrometer using a syringe pump, at a flow rate of 10 uL min~" into
the ionization source. The analysis was performed in so—called
“enhanced resolution mode” with a detection range between 50 and
2200 m/z and scanning rate at 8100 m/z per second. The instrument
used two types of gases: the cone gas (helium) flowing at a flow rate of
50 L h™" and the desolvating gas (nitrogen) flowing at a rate of 800 L
h™". The capillary voltage was set at —4.5 kV, while the voltage for the
end plate offset was set at —0.5 kV. The *C NMR spectrum of PAMAM
dendrimer was recorded on Varian VNMR—S 400 MHz spectrometer
(Palo Alto, CA). The FT—IR spectrum of the synthesized polymeric

ial was ded in pk mode (PAS/FT—IR) using
Bio-Rad Excalibur FTIR 3000 MX spectrometer (Hercules, CA)
equipped with MTEC Model 300 photoacoustic cell. A reference
sample used during spectroscopic assays was carbon black standard.
The operating wavelength range was set between 4000 and 400 cm™".
The thermal stability of the polymeric material was studied employing
Setaram Setsys 1200 analyzer (Caluire, France). Thermogravimetric
measurements were conducted in an airstream in the range of 20—1000
°C with a heating rate of 5 °C min~". The percentage of carbon,
hydrogen, and mtrogen contents (CHN elemental analysis) in the
d using El Vario EL III analyzer
(Langenselbold Germany). PMVEAMA—-PAMAM material was also
described with microscopic images obtained using FEI Quanta FEG
250 (Hillsboro, OR, USA) ing electron The
microscopic imagining was performed using a high accelerating voltage
of 10 kV with a working distance of 10.2 mm and was carried out under
vacuum conditions (70 Pa). The analytes adsorption on the polymeric
material was monitored by UV=Vis spectrophotometric assays using
Agilent 8453 spectrophotometer (Santa Clara, CA). The spectra were
recorded in the range of 200—1000 cm ™" using PMMA cuvettes with an
optical path length of 10 mm. Each was done in tripli
selecting a mean value of absorbance ascribed to the particular
wavelength as a final value.

2.3. Synthesis of PMVEAMA—PAMAM. 2.3.1. Synthesis of the
Ester Ir diate (1). A th ked flask was purged with N,,
charged with an anhydrous solution of methyl acrylate (8.16 mL; 90
mmol) in 50 mL of MeOH, and placed in a water—ice bath. When the
solution temperature had lowered to 0 °C, a solution of diethylenetri-
amine (DETA) (1.63 mL; 15 mmol) in 20 mL of anhydrous MeOH
was added dropwise within 1.5 h under nitrogen atmosphere, not to let
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phere, and then a of PMVEAMA (1.6 g) in 30 mL of
toluene was added in a few portions. The mixture was stirred under the
atmosphere of neutral gas for 16 h. Afterward, solvents were evaporated
and the crude product was crystallized in Et,0.The material was filtered
off, washed with cold Et,O (2 X 10 mL), and dried under vacuum at 50
°C, yielding green—blue solid PMVEAMA-PAMAM. Yield: 93.4%
(574 g).

2.3.4. Quantification of PAMAM Content in PMVEAMA—PAMAM.
To aseries of three samples of PMVEAMA—PAMAM (20 mg), 20 mL
of 0.01 M aqueous solution of HCI were added. The mixtures were
stirred for 2 h at room temperature. Afterward, the solids were filtered
off and the solutes were titrated with 0.005 M aqueous solution of
NaOH, using phenolphthalein as an indicator, until the color changed
to permanent pink.

2.3.5. pH—Influenced Stability Measurements of the Material.
PMVEAMA samples (10 mg) were added to a series of prepared buffer
solutions of pH ranging between 1 and 13. The buffer systems were:
HCI/KCI (pH 1, 2), citric acid/Na,HPO, (pH 3, 4, S, 6) NaH,PO,/
Na,HPO, (pH 7, 8), NaHCO,/Na,CO; (pH 9) NaHCO,/NaOH
(pH 10, 11),and NaOH/KCI (pH 12, 13). The material was incubated
in 10 mL of each of the given buffers for 3 h at room temperature.
Afterward, the solid was filtered off and the solutes were analyzed using
the ESI-MS technique in positive and negative mode.

2.4. Adsorption of Drugs and Organic Dyes on PMVEAMA--
PAMAM. For isothermal experiments, a general procedure was
adopted, which was based on incubation of 10 mg of PMVEAMA—-
PAMAM in 10 mL of analytes solutions of seven different
concentrations: 0.01, 0.025, 0.0, 0.1, 0.2, 0.5, and 1 mM. Distilled
water was a solvent for the preparation of salicylic and nicotinic acid,
and Sunset Yellow FCF solutions, while folic acid Congo Red and
Riboflavin solutions were prepared using phosphate buffer (Na,HPO,/
NaH,PO,) of pH 8.0. The adsorption experiments were handled for 24
h at room temperature. Afterwards, the material—analyte complexes
were filtered off and the amount of the analytes remaining in the filtrates
was established using UV—Vis spectrophotometric assays. The
absorbance values were determined at wavelength 4 = 365, 297, 265,
498, 484, and 430 nm for folic acid, salicylic acid, mcohmc acid, Congo
Red, Sunset Yellow FCF, and riboflavi P ely. Therefore, the
amount of the analyte adsorbed to PMV'EAMA—[’AMAM material g,,
was calculated using the below presented eq 1, where ¢, is the starting
concentration of the analyte [mM], ¢,y is the equilibrium concentration
of the analyte [mM], m is the sample mass [mg], V is the solution
volume [mL], and M is the molar mass of the analyte [g mol™']:

httpsy//dx.doi.org/10.1021/acsapm 0c01254
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Figure 1. Synthetic route for obtaining PAMAM—functionalized poly(methyl vinyl ether—alt—maleic anhydride) chain; x and y indexes are related to a

number of modified and unmodified anhydride rings, respectively.
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Thermodynamic and pH studies were based on the same experimental
protocol, however, for thermodynamic studies the material samples
were incubated in 0.1 mM sol of the at three diffe
temperatures: 298 + 1, 313 + 1, and 328 + 1 K for thermodynamic
experiments, while for pH tests, the material was incubated in 1 mM
Congo Red or folic acid solutions buffered to pH values 8 (phosphate
buffer) 9, 10, and 11 (bicarbonate buffer). The material isolation, UV—
Vis measurements, and calculation of the amount of the analytes
adsorbed were performed as described for isothermal studies.

2.5. Kinetic Studies of the Organic Dyes Adsorption on
PMVEAMA-PAMAM. The kinetic studies of the uptake of the organic
dye by the pol ic ial were perfc d using a procedure as
follows: 20 mg of PMVEAMA—PAMAM material was added to 20 mL
of 0.5 mM solution of the organic dye (Congo Red, Sunset Yellow FCF,
or riboflavin) and stirred at room p The exp
involved the use of aq lutions of the dyes: distilled water as a
solvent for Sunset Yellow FCF and phosphate buffer (pH 8.0) for
Congo Red and riboflavin. In preset time intervals, the filtrate was
investigated for the amount of the dye remaining in the solution using
UV=Vis spectroscopic assays. The amount of the dye adsorbed on the
material g, at time t was then established using eq 2, where ¢, is the
concentration of the organic dye at time t [mM]:

m

(‘n“:)xvx
m

= M )
2.6. Reusability Studies of PMVEAMA-PAMAM toward
Organic Dyes. Investigation of the material reusability toward organic
dyes scavenging was based on the repetitive adsorption/desorption
cycles. Briefly, 20 mg of PMVEAMA—-PAMAM material was added to
10 mL of 0.01 mM solution of Congo Red (phosphate buffer, pH 8.0),
Sunset Yellow FCF (H,0), or riboflavin (phosphate buffer, pH 8.0).
The mixtures were stirred at room temperature for 24 h. Afterwards, the
material was filtered off, and the amount of the dye adsorbed was
investigated using UV—Vis assay. The material—dye complexes were
then treated with 10 mL of 0.01 M HCl at room temperature for 24 h, as
the d step. Subsequently, the dy bed material was
filtered off, dried, and used for another 4 cycles of adsorption/
desorption processes handled under the described conditions.

959

2.7. Drug Loading and In Vitro Release of the Drugs from
PMVEAMA—PAMAM. Drug loading on the material surface was
performed using 100 mg of PMVEAMA—PAMAM stirred in 20 mL of
1 mM solution of the biocompounds (folic, salicylic, and nicotinic acid
or riboflavin) at room temperature for 24 h. Then, 20 mg of the dried
material—biocompound complexes were incubated in 5 mL of three
different release media: HCI/KCI buffer of pH 2.4, AcOH/AcONa
buffer of pH 5.4, and PBS buffer of pH 7.4. At preset time intervals, the
buffers’ aliquots were collected and replaced with 5 mL of fresh buffer.
The amount of the drugs released in buffer aliquots at time t was
determined using UV—Vis The amount of
the drug released F, [mg] and percentage of the drug released Q, [%] at
time t was established using eq 3 and eq 4, respectively:

P;:VXMIZc,

=t

(©)

F
Q, = — x 100%
my (4)

where ¢, is the concentration of the drug released at time t [mM], V'is
the volume of buffer aliquot [L], M is the molar mass of the drug [g
mol™'), and m, is the initial mass of the drug in the material-drug
complex [mg].

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the Dual—-
Polymeric Material. The preparation of PMVEAMA—PA-
MAM was achieved by the nucleophilic addition of free terminal
amine group of PAMAM dendrimer to the easy—opening maleic
ring as a pendant group of PMVEAMA polymeric chain (Figure
1). The ring opening led to the formation of an amide bond
between both polymeric constituents and the free carboxyl
group. The anchorage of poly(amidoamine) dendrimer to the
polymer chain was, therefore, also stabilized by electrostatic
interactions between formed free ~COOH group of anhydride
domain and the neighboring free terminal —NH, residue of the
dendrimer. Moreover, the polyamine character of the grafting
agent might have also triggered the bare polymer cross—linking

httpsy//dx.doi.org/10.1021/acsapm 0c01254
ACS Appl. Polym. Mater. 2021, 3, 956-967

141



ACS Applied Polymer Materials pubs.acs.org/acsapm
2) —— — 1 b) 100
PMVEAMA-PAMAM W
= \V\f\‘ o
s —
5 £
» % 60
o ®
% £
H PMVEAMA -
o S 40
g H
3 a
T 20
T T T T T 0 T T T
4000 3500 3000 2500 2000 1500 1000 500 0 200 400 600 800 1000
‘Wavenumber lcm'1] T[°C]

Figure 2. (a) FT—IR/PAS spectra and (b) the TG curve obtained for the prepared dual—polymeric material PMVEAMA—-PAMAM

processes. Nevertheless, it may have decreased the utility of
dendritic structure only by an inconsiderable extent.

PAMAM dendrimer was obtained in the classic two—step
synthetic protocol which was based on (1) the branching of
tris(2—aminoethyl)amine as an amine core using methyl
acrylate, leading to a formation of the polyester product, and
(2) the amidation of the obtained polyester with diethylenetri-
amine (DETA). The amidation process was directed toward the
internal amine group, which is the most reactive one among all
three accessible amine groups, as a consequence of the highest
electrodonating effect. The final PAMAM dendrimer was
characterized by ESI-MS and '*C—NMR analysis. The
recorded ESI-MS spectra in positive mode shows several
signals, which correspond to either molecular ion (m/z 889.78),
fragmentation ions (m/z 786.71,732.77, 629.68, 575.68, 418.50,
261.35) or sodium adducts of fragmentation ions (m/z 440.49,
283.22) (Figure Sla). Easy frag ion of the obtained
poly(amidoamine) dendrimer during MS analysis is mostly
caused by the vulnerability of multiple amide— and amino—-
domains, which are prone to breakage under analysis
conditions.” Also, the dendrimer was characterized using the
3C—NMR technique, which spectrum exhibits several signals of
doubled intensity, related to symmetrically distributed carbon
atoms at terminal branches (§ = 34.64, 40.00, 41.87, 52.51,
175.06 ppm) (Figure S1b). The signals corresponding to the
middle dendritic branch are visible as slightly shifted than those
of terminal branches (6 = 36.56, 38.61, 41.68, 51.81, 164.09
ppm). Also, carbon atoms in the amine core (DETA) are
symmetrically equal and are attributed to signals at 44.80 and
46.51 ppm.

The immobilization of the obtained poly(amidoamine)
dendrimer on PMVEAMA chain was performed at elevated
temperature, which allowed for a complete ring opening of
maleic anhydride, affording the highest possible dendrimer
loading efficiency. The bare polymeric support and the obtained
material were characterized with infrared spectroscopy in
photoacoustic mode (FT—IR/PAS), which spectra are
presented in Figure 2a. The success of PMVEAMA amidation
with PAMAM dendrimer is strictly proved by the appearance of
N—H,is) (Amide II) stretching vibrations observed at 3288
em™" with their overtones at 3058 cm™" and bending vibration
observed as a doublet at 1541 and 1556 cm ™!, comparing with
PMVEAMA spectrum. Moreover, the presence of the amide
carbonyl group (Amide I) is proved by the appearance of a
highly intensive signal at 1637 cm™', evidencing the successful
functionalization of the polymer chain with PAMAM

dendrimer. Also, a drastic decrease of signals at 927 and 1771
cm™' corresponding to the stretching of C—O—C domain of
S—membered anhydride ring and the stretching of the carbonyl
group of anhydride, respectively, in the spectrum of the hybrid
polymeric material indicates almost full ring—opening of
PMVEAMA reactive maleic anhydride domain. The ring—-
opening also leads to the free carboxyl group which absorbs at
1697 cm™ (C=O stretching) and 878 cm™' (O—H out-of-
plane bending) visible on the spectrum of PMVEAMA-
PAMAM. The spectra exhibit also several common signals
related to PMVEAMA structural domains staying unaltered after
the amidation process, e.g. signals at 419 and 1131 cm ™", which
might be both assigned to the stretching of ether domain (C—
O—C). The presence of numerous methylene groups —CH,—,
as structural domains of both the polymeric support and the
hybrid material is proved by their asymmetric and symmetric
stretching at 2937 and 2862 cm™, respectively, and also by
signals at 1436 cm™' corresponding to C—H scissoring
vibrations or at 1456 cm™" related to C—H asymmetric bending
vibrations. Furthermore, PMVEAMA—PAMAM spectrum
shows a broad band between 500 and 850 cm™', which may
correspond to overlapped various C—H bending vibrations of
—CH,— and —CH, groups and N—C—O in—plane bending
mode of amide, while a signal at 1398 cm™ may be assigned for
O-H deformation vibrations or —CH,— wagging vibrations.”

The obtained dual—polymeric material was also characterized
with thermogravimetric analysis (Figure 2b). The spectrum
shows two distinct decomposition steps: the first one between
80 and 110 °C may be attributed to the removal of trace
humidity or organic solvents remaining in the material’s
structure and the second one between 210 and 470 °C related
to the slow decomposition/oxidation of both organic residues as
material components. The broad single step corresponding to
the oxidation of organic residues, which is not divided into two
steps related to the decomposition of a particular organic
domain, proves that the chemical nature of the dendrimer used
led to a formation of a cross—linking product. Therefore, we
expect the two—step character of PAMAM conjugation to the
polymeric support, based on the amidation of a single polymer
chain followed by the nucleophilic attack of the dendrimer’s
terminal amine remaining unmodified to another polymeric
chain. The material was also characterized with elemental
analysis in CHN mode, assessing the percentage of carbon,
nitrogen, and hydrogen in the sample at the level of 52.06, 17.70,
and 7.01%, respectively. Even though the cross—linking process
took place, the fitting of the obtained values to a theoretical
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Table 1. Isothermal Parameters of the Equilibrium State of the Analytes Adsorption on the Polymeric Material

PMVEAMA—-PAMAM

Langmuir isotherm Freundlich isotherm
adsorbate g [mgg™'] 10*K; [Lmg™'] R 7 1/n[-] R 7
biomolecules folic acid 304.9 + 20.7 0.49 + 0.02 0.9728 0.271 0.83 + 0.03 0.9932 0.192
salicylic acid 1342+ 54 0.20 £ 001 0.9903 0.014 0.96 + 0.01 0.9992 0.003
nicotinic acid 916 £ 45 0.57 £ 0.01 0.9856 0.079 0.89 + 0.03 0.9945 0.025
riboflavin 265+23 0.86 + 0.11 0.9549 L168 0.62 + 0.02 0.9910 0.031
dyes Congo Red 367.7 £ 10.8 201 +£022 0.9923 0.988 0.58 + 0.02 0.9930 0.006
Sunset Yellow FCF 3106+ 112 0.21 £ 001 0.9922 0.098 0.89 + 0.03 0.9936 0.012

percentage calculated for a particular ratio of modified
anhydride rings to unmodified ones was performed. The closest
calculation values were obtained for a 2:5 ratio (modified:un-
modified anhydride rings), which is connected with the
percentage of 52.86, 17.47, and 8.17% for nitrogen, carbon,
and hydrogen, respectively, showing good comparability to the
obtained analytical data. Also, the percentage of nitrogen
content in the adsorbent is related to the grafting level of the
dendrimer to the polymeric support. The calculated grafting
level of 0.702 mmol g™" is consistent with the value obtained
during materials characterization by acid—base titration, which
equaled 0.687 mmol g~'. Furthermore, the stability of the dual
polymeric material under acidic and alkaline conditions was
investigated. The material’s samples were incubated in a series of
prepared buffers ranging from pH 1 to 14. The ESI-MS spectra
of the solutes showed no signals corresponding to PAMAM
dendrimer, which indicates that materials are stable in given
conditions and no dissociation of the dendrimer from the
material takes place.

Moreover, the polymeric material was characterized using
scanning electron microscopy (SEM) imagining. The obtained
images of two different magnitudes are presented in Figure 3.
According to the obtained images, the studied material might be
classified as the microsized one, which is strictly connected to
either application of polymeric chain as the material’s support or
functionalization involving multifunctional PAMAM dendrimer,
which structure enhances the possibility of PMVEAMA chains
cross—linking. As a result, the material tends to form aggregates
of size ranging between approximately 2 and 3 um. Since the
material’s adsorptive properties are predominantly dependent
on the structural features of PAMAM dendrimer as a
supramolecular receptor, the material's size is satisfactory,
taking the synthetic approach into account.

3.2. Investigation of PMVEAMA—-PAMAM Adsorptive
Properties. The synthesized dual—polymeric material contain-
ing poly(amidoamine) dendrimer as terminal molecular
receptor has been investigated for its binding ability toward
various analytes. The chosen analytes were organic dyes (Congo
Red, Sunset Yellow FCF, and riboflavin), as well as bioactive

compounds (folic, salicylic, and nicotinic acids and riboflavin),
which aimed to confirm an application versatility of the obtained
material. Their structures are presented in Table S1. Moreover,
riboflavin has been treated both as a biomolecule and as an
organic dye; therefore, it was used for all of the experiments.
Theoretically, the polymer’s binding effectiveness is mostly
afforded by the formation of strong electrostatic interactions
between multiple basic amine groups of the dendrimer and
acidic groups of analytes. Moreover, material—analyte inter-
actions might be also enhanced by other factors, such as
hydrogen bonding formation or physical entrapment of small
molecules inside dendritic cavities, which should lead in overall
to efficient binding of either acidic organic or bioorganic
molecules on the external surface of the dendrimer—function-
alized polymer chain.

3.2.1. Adsorption Isotherms. In order to define the material’s
effectiveness for attaching the bioactive acids and the organic
dyes, isothermal studies have been performed, which give
information about equilibrium state, in response. Although,
there are several models, which mathematically describe
adsorption isotherms, the Langmuir and the Freundlich
isotherms are the most extensively used, since they deliver key
parameters for assessment of the adsorbent binding potential
(Table S2). These parameters, such as adsorption constants and
maximal adsorption capacities can be calculated basing on the
slope and the intercept of linear plots of ¢,,/q,, vs c,, and log g,
vs log ¢, corresponding to the Langmui Zeq S1) and the
Freundlich models (eq S2), respectively. The main theoretical
difference between the two presented models is based on the
interactions between adsorbent’s surface and adsorbate; i.e., the
Langmuir model assumes the formation of adsorbate’s
monolayer on the adsorbent surface as a consequence of equal
binding energy of each binding sites of the material. It also
postulates that adsorbate—adsorbate interactions are negligible;
therefore, it is usually found as the contaminants adsorption
model. On the other hand, the Freundlich theory assumes the
formation of adsorbate multilayer triggered by intermolecular
interactions between adsorbed molecules, such as electrostatic
interactions, hydrogen bonding, dipole—dipole interactions, or
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Figure 5. (a) Linear plots of van't Hoff equation presenting the adsorption of the biomolecules (left) and the synthetic organic dyes (right) at different
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pseudo—second—order model (right).

n—n stacking.’® Table 1 presents collected adsorption

parameters for the drugs and the anionic organic dyes
adsorption on the obtained polymeric material. The best fitting
of the isothermal models’ linear plots to experimental data was
achieved for the Freundlich model (Figure 4), which is
confirmed by higher values of R* and lower values of z*
parameters than the calculated for the Langmuir model. In the
case of the studies including adsorption of bioactive molecules,
the main reason is connected with their structural features,
especially a presence of phenyl rings interacting with each other
through their 7—electrons, as well as particular domains, which
might form hydrogen bonding between analyte molecules
(carboxylic groups, amine groups, nitrogen atoms, hydroxyl
groups, etc.). Nevertheless, correlation coefficients calculated

for the Langmuir model (Figure S2) are also high enough,
allowing for the investigation of a key parameter characterizing
the adsorptive ability of the material toward a given analyte,
which is maximal adsorption capacity q,, (Table 1). The highest
values of 305 and 134 mg g~" were obtained for folic and salicylic
acid, respectively, as a result of analytes’ structural complexity
and the highest affinity to surface dendritic structure afforded by
a presence of carboxylic and hydroxyl groups. Nicotinic acid and
riboflavin were found to be adsorbed on the material’s surface at
a lower extent, reaching adsorption capacities of 92 and 26 mg
g, which is strictly related to the analytes structures: nicotinic
acid, containing only one carboxylic group able to interact with
the dendritic structure of the polymer, and riboflavin, consisting
of isoall and ribitol d unable to form strong
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Table 2. Thermodynamic Parameters of the Biomolecules and the Organic Dyes Adsorption on the Dual—Polymeric Material

PMVEAMA-PAMAM

Adsorbate AH? [k mol™'] AS° [Jmol™'K™"] R AG® [kJ mol™']
adsorbate 298 K 313K 328K
biomolecules folic acid -55+04 136+ 14 0.9881 -9.53 -9.76 -9.93
salicylic acid -33+02 09+02 0.9906 -3.61 -3.63 -3.64
nicotinic acid -47+ 10 63+ 14 0.9830 —6.54 —6.67 —6.72
riboflavin 196 + 1.8 9.4+ 58 0.9936 -7.36 -8.57 —10.08
Dyes Congo Red 176 £ 0.1 1072+ 33 0.9845 —14.40 —15.85 -17.57
Sunset Yellow FCF 143+ 14 702 + 44 0.9924 -6.68 -7.65 -8.76

electrostatic interactions with basic PAMAM dendrimer.
Nevertheless, the polymer exhibits adsorptive activity towards
given analytes, which can be also related to the physical
entrapment of the molecules inside internal cavities between
dendrimers' amidoamine branches. The isothermal experiments
performed using chosen organic dyes showed a very high
adsorption capacity of 368 and 311 mg g~ for Congo Red and
Sunset Yellow FCF, respectively. These azo dyes contain two
sulfonate groups forming highly strong electrostatic interactions
with terminal amine groups of PAMAM—domain of the
polymeric adsorbent, but also contain multiple phenyl rings,
which lead to intermolecular interaction between analytes’
molecules through the stacking of z—electrons, increasing
adsorption capacity values. Moreover, for two of the most
extensively adsorbed analytes — folic acid and Congo Red —
adsorption experiments in different environments were
performed (Figure S3). An influence of the aq luti
environment on their adsorption was investigated for folic acid
and Congo Red incubated in buffer systems at pH 8, 9, 10, and
11. The choice of these conditions was driven by the very poor
solubility of folic acid in acidic and neutral conditions, and the
formation of a red or blue precipitate of Congo Red in a neutral
or acidic environment, respectively. Nevertheless, the experi-
ments revealed a decrease of the sorption capacity of the
material toward analytes with solution’s basicity increase, which
is mainly due to an excess of OH™ anions hindering attractive
interactions between PAMAM residue and the analytes
molecules.

The calculated values of adsorption capacity g, of the
synthetic dyes used on PMVEAMA—-PAMAM were also
compared with some recent results obtained for different types
of adsorbents. According to Table S3, Congo Red adsorption on
the synthesized material was more intensive, comparing to
functionalized or cross—linked biopolymer (chitosan), bio-
sourced material, or ZnO, nanoparticles. Also, the rate of Sunset
Yellow FCF adsorption is much greater than for the materials
collected in Table S3, such as silica-based adsorbents, MOF
hybrid material, and double hydroxide. The high adsorptive
potential of the synthesized material toward the synthetic dyes
might be explained by the appearance of multiple amine binding
domains in PAMAM dendrimer structure.

3.2.2. Thermodynamics of Adsorption Processes. Adsorp-
tion experiments conducted in different temperatures bring
several parameters, such as standard adsorption enthalpy
(AH®), entropy (AS°), and Gibbs free energy (AG®), which
are useful for an assessment of the adsorbent—adsorbate
interactions thermal behavior. The thermodynamic studies
involved PMVEAMA-PAMAM contact with each of the analytes
at three different temperatures —298, 313, and 328 K — to reach
full saturation of the adsorbent. The values of AH® and AS®
were directly calculated using slope and intercept of the linear

plot InK,; vs 1/T (eq $4), where K, is the distribution coefficient
described as a ratio of the amount of the analyte adsorbed to its
amount left in solution, presented as eq S3. The plots presenting
the van’t Hoff equation for all the adsorption—adsorbate systems
are presented in Figure Sa. Moreover, the values of Gibbs free
energies calculated for all the experiments at different temper-
atures were calculated using the expression of AG® definition
(eq S5). The calculated parameters are collected in Table 2.

The calculated Gibbs free energy values clearly indicate that
the adsorption of both the organic dyes and the biomolecules is a
spontaneous process (AG® < 0) determined by either enthalpy
or entropy factor. For all three dyes chosen (riboflavin, Congo
Red, and Sunset Yellow FCF) entropy values are high, varying
between 70.19 and 107.22 Jmol ™" K™'; therefore, the adsorption
of the dyes on PMVEAMA—-PAMAM is driven by the
randomness increase at the solid—liquid interface, which is
connected with the noncovalent nature of material—dye
interactions (dipole—dipole interactions and/or hydrogen
bonding). Also, positive values of enthalpy indicate the
endothermic character, which is connected with an energy
donation increasing attraction between analyte and adsorbent
particles. The temperature increase led to the more intensive
adsorption process, which is related to the significant decrease in
Gibb’s free energy values for the organic dyes.** On the other
hand, the temperature changes had a very slight influence on the
biomolecules’ adsorption on PMVEAMA—PAMAM. The
interactions between the material and bioactive acids (folic,
salicylic, and nicotinic acid) are based on a proton exchange
between the carboxylic group of the analytes and amine groups
of the material. As the attachment of the biomolecules on the
material is a spontaneous process, the enthalpy factor related to
the formation of bonding between them by a proton exchange
has a dominant impact on the spontaneity of these processes,
leading to a slightly exothermic effect of the biomolecules
adsorption on PMVEAMA-PAMAM. Nevertheless, the
decrease in AG® values with temperature increase is relatively
low.

3.2.3. Kinetics of Dyes Adsorption. Kinetics of pollutants
adsorption from aqueous media, such as organic dyes, can be
described by two most broadly used kinetic models, which are
pseudo—first—order kinetics proposed by Lagergen and
pseudo—second—order kinetics presented by Ho et al**
Equations of their linear plots are presented as eq S6 and eq
S8, respectively. The experimental data were fitted to both
pseudo—first—order and pseudo—second—order (Figure Sb)
kinetic models, resulting in a better correlation with the
pseudo—second—order model, for which calculated correlation
coefficients R” were higher and 7 coefficients were lower (Table
S4). This may be attributed to the use of analytes at low
concentration (0.5 mM), which has been proved to affect the
better correlation with pseudo—second—order kinetics.”® From
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the slope and intercept of linear plots t/q, vs t presented in Figure
b, several parameters describing the rate of the adsorption of
the dyes on PMVEAMA—PAMAM have been calculated, which
are collected in Table S4. The adsorption of the synthetic dyes
(Congo Red and Sunset Yellow FCF) has been described with
the pseudo-second-order rate constants k;, of 0.418 and 0.067
mgg ™" h™", respectively, as well as with very low half a dsorption
times t,,, (eq $9) 0f 0.02 h for Congo Red and 0.19 h for Sunset
Yellow FCF, indicating fast and intensive dyes adsorption. Such
a phenomenon is directly related to bicarboxylate domains
contained in their structures, which afford strong electrostatic
interactions with basic amine groups of PAMAM dendrimer. For
riboflavin, half of the maximal adsorbate amount was calculated
to bind after 1.83 h, which also proves the efficiency of the
adsorbent analytical applications. Moreover, the pseudo—se-
cond—order kinetics initial adsorption rates k; ranging between
0.790 and 31.165 mg g~' h™" were established using eq S10,
which shows an influence of analyte’s structure on its binding
affinity to the polymeric material.

3.3. Reusability of the Polymeric Adsorbent towards
Organic Dyes. The obtained dual—polymeric material, which
has been designed as an adsorbent dedicated to various analytes,
should exhibit reusability in order to fulfill its applicability. Since
the main interactions stabilizing the material —dye complexes are
the electrostatic ones, a diluted water solution of HCI at a
concentration of 0.01 M was used as a desorbing agent. Such
desorption/adsorption cycles were performed 4 times in order
to investigate the material’s binding properties, which results are
presented in Figure 6. The first adsorption experiments showed
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Figure 6. Percentage of the dyes adsorbed on PMVEAMA—PAMAM
during adsorption/desorption cycles using 0.01 M HCI as the
desorbing agent.

that Congo Red, Sunset Yellow FCF, and riboflavin were
adsorbed at 85.72, 78.38, and 65.23%, respectively. However,
after the first desorption step, the adsorption rate for each dye
rose approximately by 10%, which is connected with (a)
protonation of terminal amine groups of the pending
PAMAM—domains of material, which leads to more intensive
binding of anionic dyes, and (b) hydrolysis of unmodified
anhydride rings under acidic conditions, leading to the
appearance of new carboxylic domains as both hydrogen
bonding donors and acceptors. During the further three
desorption steps, the adsorption rate of Congo Red slightly
decreased by 2.64%, Sunset Yellow FCF by 4.91%, and riboflavin
by 9.49%, indicating effectiveness and reusability of the
PMVEAMA—PAMAM as the adsorptive material.

3.4. In Vitro Drugs Release Using PMVEAMA—-PAMAM
as Drug Transporting System. The synthesized dual
polymeric material was also tested for its application as a
platform for effective drug transport. The drug—loaded material
samples were incubated in three different media at pH 2.4
(HCI/KCl buffer), pH 5.4 (AcOH/AcONa buffer), and pH 7.4
(PBS) for 48 h at 37 °C, mimicking various physiological
conditions of drug release. The release profiles of drugs used —
folic acid, salicylic acid, nicotinic acid, and riboflavin — are
presented in Figure 7. The main interactions stabilizing the
material —drug complexes are electrostatic interactions, afforded
by the proton transfer from the carboxylic domain of
biomolecule to free amine groups of the material’s dendritic
domain. Therefore, the medium pH has a signif impact on
the progress of the releases. The highest amounts of the drugs
released were obtained in the most acidic environment (pH 2.4),
which is attributed to the highest excess of H', causing the
highest disruption of electrostatic interactions PAMAM—drug.
After 48 h of incubation, the amounts of the drugs released
reached 43.19% for folic acid, 94.90% for salicylic acid, 75.74%
for nicotinic acid, and 72.02% for riboflavin. The greater the
basic release environment, the less the drug desorbed. Desorbing
abilities are also dependent on the structure of the biomolecules
used. Folic acid as a bicarboxylic acid containing multiple phenyl
rings binds to the materials surface the most strongly among the
chosen drugs; thus, its desorption is mostly hindered. Never-
theless, almost half of the folic acid adsorbed to the material has
been released. On the other hand, salicylic or nicotinic acid may
desorb more easily and in a higher extent, taking their
compactness and single binding domains into account.

Moreover, fitting of the release profiles at pH 2.4 (the most
effective drug release) to chosen kinetic models has been
performed. There are several known release models, however,
the most broadly used are the zero—order model, the first—order
model, the Higuchi model, the Hixson—Crowell model, and the
Korsmeyer—Peppas model, which linear equations are pre-
sented in Table S6 (eqs S11—S15). The correlation coefficients
R? of the experimental data to the first—order, the Higuchi and
the Korsmeyer—Peppas release kinetic models are collected in
Table 3, indicating the best correlation with the Korsmeyer—-
Peppas model. According to its theoretical background, the
release of the drugs (folic, salicylic and nicotinic acid, and
riboflavin) is controlled by a mechanism of Fickian diffusion,
which might be assigned to all n values lower than 0.45."
Otherwise, the drugs’ release would have been dependent on a
non—Fickian (anomalous) diffusion mechanism strictly con-
nected with the shape or the structural changes of the polymeric
material. The lowest correlation of the data gained during release
experiments was achieved for the zero—order and the
Hixson—Crowell kinetic models (Table S7).

4. CONCLUSIONS

The dual—polymeric material comprising PMVEAMA as a
support and PAMAM dendrimer as a supramolecular receptor
was successfully synthesized and characterized with various
analytical techniques. Despite the cross—linking phenomenon
triggered by polyamine character of the functionalizing agent,
the material exhibited satisfactory efficiency in binding the
chosen biocompounds and the synthetic organic dyes. Although
the adsorption processes follow the Freundlich isothermal
model, maximal adsorption capacity values were calculated,
which reached even 367.65 mg g~ for Congo Red or 304.88 mg
g~! for folic acid. PMVEAMA—PAMAM was described as a
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Figure 7. Drug release profiles of folic acid (A), salicylic acid (B), nicotinic acid (C), and riboflavin (D) performed in three different aqueous media:

pH 2.4 (red), pH 5.4 (green), and pH 7.4 PBS (blue).

Table 3. Kinetic release parameters calcul

d for the drugs desorption from PMVEAMA—-PAMAM

first-order model Higuchi model Korsemeyer—Peppas model
biomolecule ky [% k'] R kg [% h~'/2] R n ky_p [%h71] L
folic acid 0.003 + 0.001 0.6208 40+12 0.7266 023 208 £2.5 0.8050
salicylic acid 0.015 + 0.005 0.7186 43+ 18 0.5861 0.09 711 +£42 0.7334
nicotinic acid 0.007 + 0.003 0.6226 49+ 18 0.6538 0.14 483 38 0.7866
riboflavin 0.006 + 0.002 0.5962 6020 0.6903 0.23 319 £37 0.8222

reusable adsorbent towards organic dyes, which was proved by
2.64—9.49% decrease of sorption efficiency after 5 cycles of
adsorption/desorption. Moreover, material-biocompound
complexes were subjected to in vitro drug release, revealing
satisfactory release profiles. The studies have shown material
effectiveness, which may lead to its further implementation for
wastewater contaminants removal and investigation of the
biocompatibility and drug transporting delivery potential
studied in in vivo mode.
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Figure S1. a) the ESI-MS spectrum of the synthesized PAMAM dendrimer, performed in positive mode;
b) C-NMR analysis of the synthesized PAMAM dendrimer

S-1

150



Table S1. Structures of the analytes used in adsorption experiments

Biomolecules
O COOH
0 N)\I\ " 0]
N H N ONH
HN A N COOH /]\
I H S
T N NSNS0
2 N OH
Folic Acid OH
OH
| OH
N
Salicylic Acid Nicotinic Acid Riboflavin

Organic dyes

* %P g
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/\\
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Table S2. Expressions representing the isothermal, kinetic and thermodynamic models used during analysis of
the obtained experimental data of adsorption studies, with indication of the related parameters

Theoretical model

Representation of linear plot

Obtainable parameters

K, — the Langmuir constant

0 (7 1 51
the Langmuir isotherm (S1) i (. P : (L mg"] ; ;
Qg Gm  Kigm ¢, —maximal adsorption capacity
[mg g]
1 K- the Freundlich constant
the Freundlich isotherm  (S2) log qeq = ;log Ceq + log K [mg g (L mg')'m]
1/n — heterogeneity constant [—]
ca K, — distribution coefficient
(S3) Kqy= o ¢4 — the amount of the analyte
e" adsorbed on the solid
van’t Hoff equation AH? - the standard enthalpy
: AH°1 AS° J mol!
(thermodynamics) e ezl [J mol']
&9 Ky RTHR AS° - the standard entropy
[J mol' K]
6o AG? - the Gibbs free energy
(S5) AG® = —RTIn K4 [ mol']
key
(S6)  1og (qeq—q0) = -7303t+ logq.q  k; —the first-order kinetics rate [h-']
Pseudo-1*-order kinetics — X
s7) ki = k1qe k; — the initial adsorption rate
[mgg'h']
t 1 1 " .
(S8) s - k;—the second_—or(_icr kinetics
At Geq kz%q [g mg 'h I]
1
Pseudo-2"-order kinetics ~ (S9) ti= t;> —the pseudq-secgnd-order half-
5 kaqe adsorption time [h]
(510) k= kaq? k; — the initial a(lis?:'ptlon rate
[mg g'h']
a) b)
20 Salicybe Acid 3 = el
g e e
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Figure S2. Representation of the experimental data fitting to the Langmuir isothermal model for biocompounds

(a) and synthetic dyes (b)
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Figure S3. Dependence of the sorption capacity towards Congo Red and folic acid on the solution pH

Table S3. Comparison of maximal adsorption capacities towards Congo Red and Sunset Yellow FCF organic
dyes with results found in literature

Maximal adsorption capacity ¢,
Material [mg g'] Reference

Congo Red Sunset Yellow FCF

PVA/melamine-formaldhyde composite 2214 1
sulphate-crosslinked chitosan 91.8 2
Zn0O» nanoparticles 208.0 3
Banana Peel Powder 164.6 4
ilil:;la;::gzl;();fc grafted chitosan modified 270.0 5
PMVEAMA-PAMAM 367.6 This study
layered double hydroxide of Mg(OH), 142.9 6

and Al(OH);

hybrid of Cr(III) terephthalate MOF and

; 81.3 7

grapheme oxide
silica modified with cetylpyridinium 20 8
cations :
Diasorb-130-C16 (silica sorbent modified

: 33.9 9
with hexadecyl groups)
PMVEAMA-PAMAM 310.6 This study

Table S4. The kinetic parameters of the organic dyes adsorption on PMVEAMA-PAMAM material

Pscudo-first-order kinetics Pscudo-second-order kinetics
Dye k; . k; tin

R 2 R2 2

(] 4 [mg g h'] [h] 5
Congo Red 0.127£0.003  0.9597 0.092 041+0.10  0.02+0.01 09999  0.001
Sunset Yellow FCF 0.010 +0.005  0.9714 0.029 0.07 +0.02 0.19+£0.04 09969  0.001
Riboflavin 0.094 = 0.001 0.9599 2.988 0.04 +0.01 1.83+£0.07 09774  0.038
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Table S5. Additional parameters connected with the analytes adsorptive behavior

Freundlich isotherm Pseudo-first-order kinetics Pseudo-second-order kinetics
Adsorbate Kr ki ki
[mg g (L mg)"™) [mgg'h'] [mgg'h']
Congo Red 1.98+0.19 31.165 + 0.812 24999.9 + 7328.7
Sunset Yellow FCF 0.29+0.01 0.790 + 0.434 4049 £ 118.7
Riboflavin 0.57+0.03 1.459 = 0.039 84+0.5

Table S6. Representation of the release kinetic models used for fitting the experimental data

Theoretical model Representation of linear plot Obtainable parameters

the zero-order model (S11) Fy=Fo+ kgt

ko — the zero-order release constant [mg h-']

the first-order model ~ (512) log (100 — Q) =— kit f, _ the first-order release constant [% h-!]
ky — the Higchi release constant [% h-'?]
) ) ky.c — the Hixson-Crowell release constant
the Higuchi model (S13) Q.= k;.r\/E [mg'’ h']
n — the Korsmeyer-Peppas exponent of
the Hixson-Crowell (514) VF- _ ,\/E el i release [-]

kx.p — the Korsmeyer-Peppas release
constant [% h']

model

the Korsmeyer-Peppas

i (S15) log Q= nlogt + logkx _p

Table S7. Kinetic release parameters of the zero-order and the Hixson-Crowell models calculated for the drugs
desorption from PMVEAMA-PAMAM

Zero-order model Hixson-Crowell model
Biomolecule k102 " kyp.c'10?
R’ : R?
[mgh'] [mg"? h']

Folic Acid 0.158 + 0.068 0.5712 0.241 +£0.125 0.4837
Salicylic Acid ~ 0.032 = 0.018 0.4437 0.076 = 0.046 0.4039
Nicotinic Acid  0.061 = 0.030 0.5038 0.127 £ 0.070 0.4494

Riboflavin 0.038 £0.018 0.5251 0.149 +0.080 0.4658
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ABSTRACT: Deferoxamine (DFO) is one of the most potent iron ion
complexing agent belonging to a class of trihydroxamic acids. The
extremely high stability constant of the DFO—Fe complex (log f =
30.6) prompts the use of deferoxamine as a targeted receptor for
scavenging Fe(IIT) ions. The following study aimed at deferoxamine
immobilization on three different supports: poly(methyl vinyl ether-alt-
maleic anhydride), silica particles, and magnetite nanoparticles, leading
to a class of hybrid materials exhibiting effectiveness in ferric ion
adsorption. The formed deferoxamine-loaded hybrid materials were
characterized with several analytical techniques. Their adsorptive
properties toward Fe(IIl) ions in aqueous samples, including pH-
dependence, isothermal, kinetic, and thermodynamic experiments,
were investigated. The materials were described with high values of
maximal adsorption capacity ¢, which varied between 87.41 and
140.65 mg g~', indicating the high adsorptive potential of the DFO-functionalized materials The adsorption processes were also
described as intense, endothermic, and spontaneous. Moreover, an ically active defer i dified material
has been proven for competitive in vitro binding of ferric ions from the blologlcal complex protoporphyrin IX—Fe(111), which may
lead to a further examination of the materials’ biological or medical applicability.
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1. INTRODUCTION

Iron ions as microelements play a significant role in the
stimulations of various functions in human organisms. Several
health disorders may lead to an increased level of non-
transferrin bound iron (NTBI), which might accumulate in
healthy tissues, causing several dysfunctions, such as cardiac,
hepatic, or pancreatic diseases. Burst release of iron also occurs
during subarachnoid hemorrhage (a devastating subtype of
stroke), which leads to hemoglobin breakdown, causing serious
oxidative injuries and neuronal death. Moreover, iron excess
promotes the formation of reactive oxygen species (ROS),
which may oxidize various cell components such as lipid
membranes, nucleic acids, or protein. Iron overload may also
tngger a more rapid proliferation of iron-demanding cancer
cells.'

Among many classes of domains responsible for effective
chelation of metal ions, siderophores are the ones that bind
iron selectively or exhibit extremely high binding constants.
Deferoxamine (DFO) is a siderophore belonging to a class of
trihydroxamic acids and is naturally secreted by bacterium
species Streptomyces pilosus. Defer ine as a hexad
molecule coordinates iron ions in a ratio of 1:1 with an
extremely high stability constant £ at a level of 4.0 X 10%. Its
complexes with other metal ions are formed with much lower
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stability constants. This property has prompted deferoxamine-
medlated ion overload treatment for many years of clinical
therapy.'~” Moreover, free deferoxamine exhibits beneficial
therapeutic effects, such as antifibrotic effects, protection
against acetaminophen-induced liver injuries, or inhibition of
neurodegenerative Alzheimer’s and Huntington’s diseases."™"'
Deferoxamine is being used in clinical treatment; however,
its application is limited due to its poor in vivo absorption to
the gut, rapid renal excretion causing short plasma half-time,
and sunlight hypersensmvnty, which leads to enhanced
production of ROS.""> Thus, several immobilization and
functionalization approaches to incorporate different DFO
formulations for analytical and biochemical applications have
been investigated. Good pharmacokinetic parameters and
improved bioapplicability were proven for deferoxamine
con;ugatcs with vanous adaman(ane denvnhves,' reverse
s ¢ g DFO and glycine,"* a poly(p,.-
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Figure 1. (a) Structures of the synthesized deferoxamine-functionalized hybrid materials; (b) formation of the Fe(III)—deferoxamine complex.

lactide) membrane modified with DFO,'™'® or a synthesized
¢(RGDfK)—DFO—""Zr system.'”'*

DFO properties has also prompted a design of functional
materials dedicated to adsorption or sensing of Fe(Ill) ions.
The impl ted DFO-functionalized materials were based
on, e.g, mesoporous sx.lxca MCM-41,""*" Sepharose gel
filtration paper Whatman,”” leading to biocompatible matenals
for direct Fe(Ill) sensing in aqueous or biological samples,
using classic analytical techniques. Interestingly, a few reports
aimed at application of a new approach for quantification of
the amount of ferric ions chelated by DFO-functionalized
materials, which involved a detection of Fe—O band signal
intensities in FT-IR or surface-enhanced Raman scattering
(SERS) spectra.™™**

The following research aimed to synthesize a series of
defer ine-functionalized hybrid materials based on three
different supports: poly(methyl vinyl ether-alt-maleic anhy-
dride) (PMVEAMA), silica microparticles, and magnetite
nanoparticles, which were implemented as ferric ion
scavengers. The characterized materials were subjected to
studies of their adsorptive properties toward Fe(Ill) ions,
including a seq of pH-depend isothermal, kinetic,
and thermodynamic studies. The comprehensive studies led to
several parameters describing the materials” applicability for the
metal binding, such as the most effective adsorption environ-
ment, materials’ adsorption capacities, rates of the adsorbate
binding, or thermal coefficients. Moreover, the exemplary
magnetite-based material was considered for competitive
chelation of ferric ions from a biological complex of
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protoporphyrin IX (PPIX) and Fe(IIl) ions, which corre-
sponds to a naturally occurring complex — hemin. The
description of an adsorptive potential of the materials and
characterization of their in vitro application toward competitive
chelation of ferric ions may lead to a new class of eco-friendly
and biocompatible adsorbents finding application in bio-
medical science.

2. RESULTS AND DISCUSSION

The designed defer ine-functionalized hybrid materials
were synthesized, characterized with several analytical
techniques, and subsequently subjected to adsorption of
Fe(III) ions from aqueous solutions to establish an influence
of the support used on the adsorptive properties of the
materials. Predominantly, the matrices’ size and functionaliza-
tion potential would have had the most impact on the
materials’ adsorption efficiency, which has been investigated in
the following article.

2.1. Synthesis of Defer ine-Functionalized Hy-
brid Materials. The designed adsorbents consisted of three
different supports, which were biocompatible polymeric chains
of poly(methyl vinyl ether-alt-maleic anhydride) (PMVEA-
MA), commercially available amorphous silica microparticles
functionalized with surface isocyanate and maleimide groups,
and synthesized Fe;O, nanoparticles encapsulated within the
silica matrix, which underwent functionalization with deferox-
amine via isocyanate— and maleimide—silyl linkers. The
functionalization strategy was based on a reaction between a
terminal free amine group of deferoxamine with reactive

https://doLorg/10.1021/acsomega.1 01411
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Flgnre 2. (a) FT-IR spectra of the adsorphve materials with indicated specific bands: v, = 1051 cm™; v, = 1570 cm™; v; = 1640 cm™'; v, = 1705

em™'; vg = 2855 em™; v = 2930 cm”

'; (b) the thermogravimetric curves obtained during thermal analysis of the materials.

pendant groups on the supports’ surface. Functionalization of
PMVEAMA was afforded by maleic anhydride ring opening at
elevated temperature under nucleophilic attack of the deferox-
amine amine group. For both silica and Fe;0,, the attachment
of deferoxamine was performed either by amine group addition
to a highly electrophilic carbon atom of pendant isocyanate or
by Michael addition of the amine group to carbon—carbon
double bond of the maleimide ring. Accordingly, five hybrid
materials were obtained, which structures are collected in
Figure 1, and the synthetic routes are presented in Figure S1.

The Fe;O, nanoparticles were obtained by coprecipitation
from an lution containing Fe(IIT):Fe(IT) salts in a
ratio of 2:1 under alkaline conditions (pH ~10).”° The

thesized ticles were subsequently cov-
ered with a SiO, layer, which was achieved by condensation of
tetraethyl orthosilicate (TEOS) under alkaline conditions in a
water/ethanol mixture. The obtained Fe;0,/SiO, particles
were then treated as a starting material for obtaining the
Fe;O,-based hybrid materials. An introduction of the deferox-
amine domain onto Fe;0,/SiO, platform was achieved
through two different linkers: isocyanate— and maleimide—
silyl linkers. The isocyanate linker was reacted with a solution
of deferoxamine in DMF under a N, atmosphere, and the
resulting silyl derivative of deferoxamine was incorporated into
the silica matrix of Fe;0,/SiO, material (material 3a). The
pre-synth d maleimide linker (3-maleimide-propyltriethox-
ysilane) was anchored to a magnetite-based support, prior to
reaction with deferoxamine, obtaining material 3b. In the case
of PMVEAMA-deferoxamine (material 1) preparation, a
suspension of PMVEAMA in toluene was added to a solution
of deferoxamine in DMF at temperature of ~110 °C, which led
to a full opening of maleic rings in the polymer chain.
Moreover, silica-based materials were synthesized by adding
isocyanate- or maleimide-functionalized silica particles to
deferoxamine solution in DMF at room temperature, yielding
materials 2a and 2b, respectively.

2.2. Characterization of the Deferoxamine-Modified
Adsorbents. Each synthesized adsorbent was characterized
with FT-IR spectroscopy, which spectra are collected in Figure
2a. The successful incorporation of deferoxamine into the
supports” surface is unambiguously proven by a band at 1051

ite
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2 @) whlch is related to N—OH stretching, specific for
DFO structure.”” Such a signal is visible only in the spectrum
of 1, which is due to its overlapping by a broad band
originating from Si—O-—Si stretching of the silica matrix in
each of the other materials. Nevertheless, signals at
approximately 1570 and 1640 cm™ (v, and v3, N—=H( )
and C=O(ynye) respectively) undoubtedly prove the for-
mation and incorporation of amide bonds, and thus the
presence of deferoxamine domains. Moreover, two bands at
around 2855 and 2930 cm™ (v and v, respectively) are
related to C—H stretching of methylene groups present in the
deferoxamine structure. A signal at approximately 1705 cm™"
(u4) on the spectra of 1, 2b, and 3b may be attributed to the

dified d such as C=0 stretching of
malelc anhydnde of PMVEAMA or C=C stretching of the
maleimide ring in materials 2b and 3b. Each of the materials
was also characterized using thermogravimetric measurements
(Figure 2b). The very first step at a temperature range between
70 and 130 °C is strictly connected with the evaporation of
solvent residues. For all the curves, the main decomposition
step starts at approximately 150 °C, which corresponds to the
melting point of deferoxamine. The TG curves of the materials
based on either Fe;O, or Fe;0,/SiO, platforms exhibit this
oxidation step with ~7.5% loss of mass, corresponding to
~0.135 mmol g‘l loading of deferoxamine. However, the
spectrum of material 1 presents much more intensified sample
decomposition by ~25%, indicating the higher deferoxamine
loading to PMVEAMA chains. Further decomposition steps
present in the spectrum are connected with the oxidation of
organic residues remaining unmodified by deferoxamine. Also,
elemental analysis in CHN mode was performed for the
synthesized hybrid materials, which results are collected in
Table 1. The most informative values are nitrogen percentages
in the samples, since nitrogen atoms appear only in
deferoxamine domains and the maleimide linker, in which
grafting is known, and therefore eliminates any calculation
disturbances. Using the obtained %N values, the loading of the
Fe-chelator on the supports was determined, which is in good
agreement with the results obtained during thermal analysis.
The results of XRD analysis of magnetite nanoparticle-based
materials 3a and 3b are shown in Figure S2. The deferox-
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Table 1. Values of Nitrogen, Carbon, and Hydrogen
Percentages in the Adsorbents Obtained in Elemental
Analysis with an Indication of the Calculated Deferoxamine-
Loading Values

elemental analysis

loading
adsorbent % N % C % H [mmol g ']

1 PMVEAMA-DFO 7.04 5196 8.51 1:3°

2a  Si0,~NCO-DFO 2.01 7.84 1.97 0.226

2b  SiO,—maleimide—DFO L31 829 L.72 0.134

3a  Fe,0,/8i0,-NCO- 1.34 427 1.38 0.137
DFO

3b  Fe;0,/8i0,— 131 3.58 0.97 0.134
maleimide—DFO

“For the polymer (PMVEAMA) functionali a ratio of modified

to unmodified maleic anhydride domains was only calculated.

amine-modified materials’ spectra show no significant changes
with respect to the spectrum of pristine Fe;O, nanoparticles.
This is related to incorporating a thin layer of silica—
deferoxamine on their surface, which does not influence the
spectrum shape. However, the hybrid materials’ spectra exhibit
a broad peak of low intensity at around 21.1° related to the
silica shell (even if shifted in relation to the theoretical
pattern). Nevertheless, a signal at around 35.5° appears to be
narrower in the 3a and 3b spectra than for bare Fe;O,,
implying the material size increase. Signals at approximately

the hybrid materials” spectra show a tiny reflex at around 36.4°,
indicating the new organo-derivative XRD signal. On the basis
of the positions of signals and their full width at half-maximum
(FWHM) values, the mean size of the characterized materials
Dy, was calculated using the Scherrer equation, which
mathematical expression is given below, where k is the
Scherrer constant [—], 4 is the wavelength of X-ray irradiation
[nm], B is the FWHM value [rad], and 26 is the signal position
[

k-4
Diwa = B-cos 20
Accordingly, the calculated mean size of pristine Fe;O,
nanoparticles was 15.39 nm, while the mean sizes of materials
3a and 3b were 18.31 and 18.92 nm, respectively, which
indicates a proper silyl—deferoxamine grafting, leading to the
particles’ size increase.

All the obtained deferoxamine-loaded hybrid materials were
also subjected to visualization using the SEM technique
(Figure 3A—E). For the polymer-based and SiO,-based
materials, the size of the particles is approximately 50 xm,
which is connected with the polymeric character of the
material’s 1 support, as well as with the size of bare silica
particles used for the preparation of materials 2a and 2b, which
was between 40 and 63 ym. Therefore, the size of the silica
particles after functionalization with DFO residues might have

ignificantly increased. The obtained materials, which are not

30.2° are slightly wider for the spectra of the functionalized
hybrid materials, which is caused by the overlapping of Fe;0,
and SiO, reflexes, both appearing at around 30.2°. Moreover,

based on the magnetite core, were also characterized with
EDX—SEM after their treatment with Fe(III) ions. The Fe-
mapping is presented in Figure 3F—H, which undoubtedly

100 pm

Figure 3. SEM images (A—C) and EDX—SEM mapping of Fe(III) ions (F—H) adsorbed to the hybrid materials: (A, F) PMVEAMA—-DFO; (B,
G) $i0,—~NCO-DFO; (C, H) SiO,—maleimide—DFO). SEM images of magnetite-based hybrid materials: (D) Fe;0,/Si0,~NCO-DFO; (E)

Fe,0,/Si0,—maleimide—DFO). Fe is visualized in orange.
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indicates the complexation of ferric ions in a higher extent by
silica-based materials than the polymeric material. Such a
phenomenon may be connected with a fixed porosity of silica
particles, enhancing the ions’ adsorption efficiency. Moreover,
Figure 3D,E presents the images of Fe;O,-based hybrid
materials, which show the nanometric size of round-shaped
particles of the deferoxamine-modified materials. The synthe-
sized Fe;0, nanoparticles of 15.39 nm as a magnetically active
support did not significantly increase after encapsulation within
the silica matrix and DFO conjugation, which is an important
issue for nanomaterials applied as adsorbents.

The chelation of Fe(111) ions by deferoxamine domains may
also influence the surface and the size of the pores of the
materials. Thus, the most widely used techniques, which allow
for assessment of structural features of solids — the BET
(Brunauer, Emmett, and Teller) isotherm and the BJH
(Barrett, Joyner, and Halenda) method — were implemented
for material 3a, as an ple of the synthesized hybrid
material. The used methods may highlight the differences
between the porous features of the deferoxamine-loaded
material before and after Fe adsorption. The molecular
receptor chelates the cations by wrapping around them;
therefore, it may influence the materials’ pore sizes and surface
area. The porous properties of both material 3a and Fe-loaded
material 3a were determined using N, adsorption—desorption
analysis, which is presented in Figure S3. The shapes of the
isotherms for both bare and iron-loaded material 3a can be
classified as type IV, which postulates capillary condensation of
the adsorbed gas in small pores at pressures below the
saturation pressure of the gas. Therefore, based on the
isotherms’ shapes, the material meets the criteria of
mesoporosity.”* The material's mesoporosity was also proven
by BJH calculation during adsorption and desorption of
nitrogen, which responded in the pore sizes of 3a and 3a—
Fe(III) of 11.370 and 11.407 nm, respectively, calculated
based on the adsorption curves, and 13.186 and 13.174 nm,
respectively, for the desorption curves. Moreover, the volume
of pores was established with mean values of 0.234 cm® g™* for
material 3a and 0239 cm® g™ for Fe-loaded material 3a. The
surface areas of both matena]s were established using the BJH
method, which gave 68.3 m’ g_' for material 3a and 66.7 m*
g' for material 3a with chelated Fe(III) ions. All the
parameters calculated for the two types of materials are very
similar, with no drastic differences, which indicates that the
formed deferoxamine—Fe(III) complex on the material's
surface has no significant impact on the porosity. Moreover,
the second synthesized magnetite-based material (material 3b)
was characterized for its porous features using the same
analytical methods. The material was described with its pore
sizes of 11.402 and 13.079 nm calculated from the adsorption
and desorption curves, respectively. Also, the surface area was
calculated to be 68.3 m* g”' and the mean pore volume was
calculated to be 0.279 cm® g~', which jointly indicate the
similarity of both obtained materials containing the Fe;O,
core. Additionally, the pore size distributions established for
the pristine magnetic materials and the one complexed with
Fe(III) ions are presented in Figure S4. The distribution
profiles obtained for materials 3a and 3b are almost
overlapped, while the pore size distribution of the material
3a—Fe(I1I) complex exhibits only insignificant change, which
is consi with the pr d BET analysis.

All the materials were tested for their stability in para-
physiological conditions of phosphate-buffered saline (PBS).

After the incubation, the solutes were analyzed using ESI-MS
in order to investigate whether deferoxamine dissociates from
the materials under the conditions mimicking the biological
environment. The spectra of the solutes showed no signals
referring to the dissociated deferoxamine residue (m/z S61.5),
but only the signals corresponding to the cc of the
buffer used; therefore, the materials” stability can be concluded.

2.3. Investigation of the Adsorptive Properties of the
Fe-Chelating Materials. The synthesized materials were
designed as chelating systems dedicated to Fe(III) ions since
surface-introduced def hibits high binding effi-
ciency. The formation of the deferoxamine—Fe complex was
proven by ESI-MS measurements, which spectra are
presented in Figure S5. An aqueous solution of free
deferoxamine mesylate gives a single monoprotonated signal
at 561.5 m/z, which is a molecular peak of deferoxamine. The
spectra of its complexes with either Fe(I1l) or Fe(1II) ions are
presented in Figure S5b,c, respectively. Two signals corre-
sponding to mono- and diprotonated complexes are visible at
614.4 and 307.7 m/z, respectively. Moreover, the signal
present at 561.5 m/z related to free deferoxamine can be a
result of electrospray ionization mode, which leads to easier
ingly, the signal at $561.5 m/z is
sxgmﬁcantly lower for Fe(Ill)-complex than for Fe(II)-
complex, which highlights the higher affinity of ferric ions
toward the formation of DFO—iron complexes. The choice of
different supports for anchoring deferoxamine (polymeric
chain, amorphous silica, and SPIONs) can also lead to
conclusions on their influence on the final adsorptive
properties. To fully characterize the materials’ sorptive nature,
several experiments were carried out, including isothermal,
kinetic, and thermodynamic studies.

2.3.1. Influence of pH on Fe(lll) Adsorption. Figure 4 shows
the dependence between Fe(1II) ions adsorption efficiency on

ation. Inter

1204
a1
° 2a
1004 [ « 2b N
s 3a / \\
= 3b ¥ 2
= 80 A
80
=4
E 6o
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404
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0 T T T T T
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Figure 4. Influence of the solutmn pH on the amount of Fe(III) ions
adsorbed on the def lized hybrid ials (gray

dotted line corresponds to the pH of 5 mM aqueous solution of
Fe(ClO,); — 245).

the hybrid materials and the solution pH. The materials were
subjected to adsorption of ferric ions in the pH ranging
between 1 and §, according to precipitation of Fe(OH); in
more basic conditions for S mM solution, as well as in $ mM
solution in distilled water, which was characterized to be of pH
2.45 (gray line in Figure 4). Below pH 6, the iron—
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deferoxamine complexes can be classified as [FeLH]", where L
is the ligand (deferoxamine), Fe is the ferric ion, and H is the
proton.”” Therefore, the adsorption may be limited only due to
repulsive interactions between excessive H* and Fe® ions
visible at pH 1. At the most acidic environment studied, the
adsorption rates reached 38—62% of the maximal adsorption
capacity under the given conditions. The adsorption rates
increased with increasing pH, reaching maxima at pH 245,
which corresponds to Fe(III) solution in pure distilled water.
Then, g, values slightly decreased, primarily due to the use of
sodium salts as buffers’ ingredients, leading to the competitive
binding of Na* ions. Nevertheless, the decrease is not drastic,
ranging between 21.7 and 30.8%.

2.3.2. Preparation of Adsorption Isotherms. The exper-
imental data obtained for adsorption isotherms were fitted to
the Langmuir and the Freundlich models. The first model
assumes a formation of the adsorbate monolayer on the
adsorbent surface, which is due to the equal binding efficiency
of all the binding sites and neglecting the interactions between
adsorbed molecules, while the latter is mostly based on the
assumption that adsorbate molecules may interact with each
other via electrostatic, hydrogen, or 7—r interactions, forming
the adsorbate multilayer.”” Graphical representations of the
Langmuir and the Freundlich isotherms are presented in
Figure 5 and Figure S6, respectively, while the calculated
parameters for both isothermal models are collected in Table
2.

consistent with the chemical nature of ferric ions, which
hinders the intermolecular interactions, leading to the
formation of the adsorbate monolayer. On the basis of the
Langmuir fitting, the values of maximal adsorption capacity of
the materials toward Fe(III) were established. The g, values
varied between 87.41 and 140.65 mg g”', reaching the highest
values for SiO, and Fe;0,/SiO, particles conjugated with
deferoxamine through the maleimide linker. Such a phenom-
enon might be a result of additional iron ion trapping within a
cyclic domain of maleimide. Nevertheless, satisfactory results
were obtained for the other materials based on PMVEAMA
and silica or SPIONs functionalized through the isocyanate
linker. Although the experimental data are not described
preferably with the Freundlich model, the values of 1/n
constants connected with the intensity of the adsorption
process and heterogeneity of the adsorbent’s surface were
calculated. The lower the 1/n value, the more intense the
adsorption process. For all the materials, the values ranged
between 0.56 and 0.79, indicating the efficiency of adsorption
processes.

2.3.3. Kinetic Studies of Fe(lll) Adsorption. The obtained
experimental data for the kinetic studies of Fe(III) adsorption
on the synthesized hybrid materials were fitted to pseudo—
first—order and pseudo—second—order kinetics, intraparticle
diffusion theory, and the Elovich model. The highest linear
correlation of the experimental data was achieved for the
pseudo—second—order kinetic model (Table 3), which plot is

R X
o 2a A
1691 o 2p A
e 3a /'//»/
= 3b P
/ =

CofQeq [ L]

T T
800 1000

600
Ceq [mg L]

Figure 5. Fitting of the experimental data to the L

pr d in Figure 6a. Comparing the calculated R* values for
the pseudo—second—order kinetic model (Table 3) and the
values calculated for the pseudo—first—order kinetic model
presented in Figure S7a (Table S1), it is easily shown that the
adsorption experiment follows the pseudo—second—order
kinetic model. This result implies that the formation of various
interactions between the adsorbent and analytes (including
electron sharing, the formation of chemical bonds, or proton
exchange) is the adsorption rate-limiting step.‘l Accordingly,
the adsorption of Fe(III) ions on the hybrid materials is
limited by their coordination by defe i idues on the
materials” surface. The modeling allowed for the calculation of
the initial metal ion adsorption rate, which appeared to be the
highest for magnetite-based particles and the lowest for silica-
based particles. Thus, the time needed for half-adsorption
should be opposite to k, values, which is proven by the lowest
t1/2 values for materials 3a and 3b, while the highest for
materials 2a and 2b. In order to verify the physical nature of

model.

Undoubtedly, adsorption of Fe(IIT) ions on each hybrid
material follows the Langmuir model, which is proven by the
calculated R* value higher (>0.997) and j* values lower
(<0.120) than those for the Freundlich model. This is

the rate-limiting step, the intraparticle diffusion model was
impl d to fit the experi | data, in which the plot g,
vs In t may form a multilinear plot, as shown in Figure 6b. The
theory introduced by Weber and Morris assumes the
multilinearity of the plot when intraparticle diffusion is not
the only step limiting the rate of adsorption.”” The presented
plots show two separate phases; thus, two factors limit the

Table 2. Isothermal Parameters Calculated for Fe(III) Adsorption on the Hybrid Materials

Langmuir isotherm

Freundlich isotherm

adsorbent Qo [mg g7'] Ky [x10%] [L mg™] R
1 87.41 + 220 0.60 + 0.03 0.9984
2a 95.08 + 2.87 0.84 + 0.04 0.9980
2b 137.93 + 3.63 049 + 0.02 0.9974
3a 110.86 + 1.94 292 +0.11 0.9985
3b 140.65 + 3.86 0.45 + 0.02 0.9984

Vi
0.120
0.063
0.098
0.077
0.048
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1/n[-] Kp [mg g™ (L mg™)""] R 7
079 + 0.01 0.64 + 0.02 09709 0.328
0,61 + 0.01 178 + 007 09590  0.148
0.79 + 0.01 099 + 0.04 09713 0.651
056 + 0.01 432+ 018 0.9626 1201

0.78 % 001 0.93 + 003 09864+ 0311
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Table 3. Kinetic Parameters Calculated for Pseudo—Second—Order and Intraparticle Diffusion Kinetic Models
pseudo-second-order intraparticle diffusion
kg [mg g™ ™) ®
adsorbent ky10° [mg g™ h7'] k [mg g h'] i, [h] R step 1 step 2 step 1 step 2
1 048 + 0.03 832 + 1.26 4.98 + 0.51 0.9969 125 + 09 53+06 0.9934 0.9941
2a 0.17 £ 001 6.12 + 096 9.69 + 0.93 0.9951 99 + 04 89+ 13 0.9965 0.9906
2b 0.14 + 001 6.53 + 1.07 1030 + 1.01 0.9983 116 + 1.7 547 £ 9.1 0.9894 0.9251
3a 0.22 + 001 17.58 +232 5014043 0.9988 238 + 03 585 + 07 0.9950 0.9995
3b 020 £ 001 14.86 + 2.04 577 £ 0.50 0.9980 233 + 04 58.1 + 0.8 0.919 09977
a - I e
. R
Kool
079 [ s 24 /,{ ° 2a
. 2 7 . 2
069 | s 3a e 1 s 3a
= . 3 s d O]« 3
'sp . /// p /i’ -
] o )
=0 - 80
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s {jf//’
204
7 |
g’fé’)/
0, T T T T T 0 T T T T T
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t |h) 2 |2

Figure 6. Experimental data fitting to kinetic models: (a) pseudo—second—order; (b) intraparticle diffusion.

adsorption rate within the adsorption progress. The first one is
connected with an initial surface diffusion, while the second
one is based on gradual adsorption limited by either
intraparticle or pore diffusion. Moreover, the experimental
kinetic data were fitted to the Elovich model (Figure S7b) in
order to demonstrate whether adsorption of ferric ions on the
hybrid materials may include the heterogeneous diffusion
process as the rate-limiting step. However, due to the relatively
low R? values calculated for this model (Table S1), such
findings would be deniable.

2.3.4. Thermodynamics of the Adsorption. Thermody-
namic studies involved measur of the of metal
ions absorbed on the defe ine-functionalized particles in
equilibrium states (after 24 h incubation) in three different
temperatures: 298, 313, and 328 K. The obtained experimental
data were fitted to the van’t Hoff equation, which linear plots
InK, vs 1/T are presented in Figure 7. Based on the calculated
slopes and intercepts, three informative parameters were
established, ie, adsorption standard enthalpy (AH°) and
entropy (AS°) and Gibbs free energy values (AG°) for
experiments conducted under the given thermal conditions.
The parameters are collected in Table 4.

All the plots were characterized with high correlation
coefficients R?, which values were higher than 0.9870, and
extremely low ¢ coefficients, indicating the good linearity of
the plots. Adsorption of Fe(III) ions on the deferoxamine-
loaded materials was found to be an endoenergetic process
(AH® values are positive), which is more intense with the
temperature increase — values of Gibbs free energies for higher
temperature are more negative, and thus, the process is
intensified. Interestingly, the established parameters are
directly connected with the ones obtained during kinetic
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Figure 7. Plots of the van't Hoff eq fitted to the thermody
studies of ferric ion adsorption on the hybrid materials.

studies. The silica-based materials 2a and 2b can be described
as the least influenced by the temperature increase and the
ones that exhibit the lowest adsorption rate constants k, and k;
and the highest values of time needed for adsorption of half-
equilibrium adsorbate (t,/,). Moreover, for all the materials,
entropy values are relatively high, which suggest that an
increased randomness mostly drives the metal ion adsorption
at the solution—adsorbent interface related to solvation effects.
Such conclusions are rather evident, considering that Fe(III)
adsorption is based only on the formation of non-covalent
coordination bonds between the receptor and analyte.
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Table 4. Calculated Thermodynamic Parameters for Fe(IIl) Adsorption

adsorbent AH® [K] mol™'] AS° [J mol™' K]
1 2527 +£2.14 96.59 + 6,97
2a 1398 + 1.57 56.14 + 5.08
2b 1404 + 1.26 5423 + 4.10
3a 2739 +£2.13 10346 + 6.92
3b 29.62 + 1.71 107.74 + 5.62

AG” [k mol™']
7(x10%) 298 K 313K 328K
0.9904 0.118 -3.53 -4.86 ~648
0.9873 0.064 =277 -3.54 —449
09997 0.001 =212 -295 -3.74
0.9979 0.032 -342 -5.04 —6.50
0.9896 0.242 -2.46 —-423 -5.60

2.3.5. Effect of Coexisting Trivalent lons. The influence of
an additional trivalent ion presence on the adsorption
selectivity toward ferric ions has been d using plary

complex adducts. Although the spectrum exhibits mono- and
bicharged signals corresponding to free porphyrin domains not
complexing Fe(Ill) ions (m/z 282.5 [PPIX + 2H]*; 304.4

silica-based materials 2a and 2b. The materials were incubated
in three two- or three-comp mixtures containing Fe(III),
AI(IIT), and/or Cr(IIT) ions. The percentages of the metals
adsorbed on the hybrid materials were determined using X-ray
fluorescence (XRF) measurements (Figure S8) of the
material—ion complexes, which are collected in Table .

Table 5. Percentages of the lons Adsorbed on the Silica-
Based Materials 2a and 2b Investigated by XRF Analyses

adsorbent ionic system  percentage of the ions adsorbed [%]
Fe Al Cr
material 2a Fe/Al 935 6.5
Fe/Cr 914 8.6
Fe/Al/Cr 94.0 25 35
material 2b Fe/Al 974 2.6
Fe/Cr 95.7 43
Fe/Al/Cr 9%4.1 22 37

Each of the experiments showed that the materials are highly
selective toward ferric ions (the percentages of Fe(IlI) ions are
higher than 90%), which is driven by the highest stability

constant of the DFO—Fe complex, compared to the complexes

[PPIX + 2Na]*; 563.6 [PPIX + H]; 585.6 [PPIX + Na]*),
their intensity is relatively low, which proves high Fe(III)-
complexing efficiency. The obtained PPIX—Fe complex treated
with an excess of defer led to a complete transfer of
Fe(III) ions to the DFO domain, which is proven by both the
appearance of a signal at 614.4 m/z [DFO—2H + Fe]* and the
disappearance of signals corresponding to the PPIX + Fe
complex in Figure 8b. Moreover, the spectrum shows two
signals related to free PPIX at $63.5 and 585.5 m/z and a signal
of free deferoxamine at 561.5 m/z caused by its excessive usage
in the experiment, which proves the competitive extraction of
iron ions by the studied siderophore. These results have
prompted examining the hybrid materials’ potential for
competitive chelation of ferric ions, which was conducted
using material 3a as an exemplary scavenger. After a very short
incubation of the material in the PPIX—Fe complex solution,
the aqueous phase was analyzed, the spectrum of which is
given in Figure 8c. The most intensive signal at 614.4 m/z
corresponds to DFO—Fe complex, which is a consequence of a
nanosized character of the material used, not fully separable
within the short time of magnetic separation, and thus getting
to the ionization source. Nevertheless, it confirmed a very
efficient competitive binding of Fe(III) ions within the

with other metal ions. The low, but detectable, c of defer ine-loaded material’s matrix, leaving PPIX uncom-
AI(IIT) or Cr(III) might be connected with their chelation by plexed. Similar results were observed for the samples
the free defer ine residues remaining after the complex- containing material 3a incubated in a series of buffer solutions,

ation of Fe(III) ions.

2.4. Chelation of Ferric lons from the Biological
Complex. The synthesized hybrid materials contain bio-
logically compatible platforms and exhibit very promising Fe-
adsorptive properties; they can find application in the
treatment of diseases caused by long-term or sudden burst
release of iron ions in human org; The plary
deferoxamine-loaded hybrid material 3a was investigated for
competitive complexation of Fe(Ill) ions from the proto-
porphyrin IX—Fe(III) complex named hemin. PPIX—Fe
complex formation and its interaction with Fe,O,—SiO,—
NCO-DFO were monitored using electrospray-ionization
mass spectrometry (ESI-MS) analysis in positive mode, and
the corresponding spectra are presented in Figure 8. The
formation of PPIX—Fe complex was undoubtedly proven by
signals at 679.7 and 701.6 m/z appearing in the spectrum in
positive mode, which corresponds to the pr d [(PPIX +
Fe—2H + 2Na + H,0) + H]" form and its sodium adduct,
respectively, as well as their bicharged forms at 340.4 and 351.4
m/z. Also, the signal at 359.4 m/z is related to the bicharged
protonated sodium adduct of the [(PPIX + Fe + Cl-2H +
2Na) + H + Na]** form. The similar trend of the signals
distances as for 340.4, 351.4, and 359.4 m/z is visible for the
signals at 453.5, 464.5, and 472.5 m/z, indicating PPIX—Fe

which were citric acid/sodium hydrogen phosphate buffers of
pH values ranging between 3 and 8, and phosphate-buffered
saline (PBS) of pH 7.4. The choice of such conditions was
triggered by the different pH of fluids in human organisms.
The corresponding ESI-MS spectra presented the signals
originating from the ingredients of buffers and the signal
referring to the complex of DFO and Fe(III) ions, as a pending
organic domain on the not fully separated adsorptive
nanoparticles. Therefore, the exemplary material 3a was
proven for efficient ferric ion transfer from its PPIX complex
in a wide range of aqueous environments.

Very satisfactory results of direct or competitive complexing
of ferric ions may lead to the materials’ further biological
applications, especially the materials based on magnetically
active Fe;O, nanoparticles, which have already been proven as
valuable targeted drug- or energy-transporting platforms. One
of the reasons for their high in vitro and/or in vivo applicability
is their nanosize allowing for an enhanced circulation within
the bloodstream. Also, the paramagnetic character of Fe;O,
nanoparticles allows for targeted transport based on the three-
dimensional concentration of the particles using an external
point or rotating magnetic field.”*** Not only such features
lead to a directed transport of drugs to target sites (such as
tumors, organs, tissues, etc.), improving the selectivity of the
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Figure 8. Positive ESI-MS spectra: (a)
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alized with defer ine were d using materials 3a

and 3b. Figure S9 presents the concentration of the particles
using a neodymium magnet in two different media (human
serum and prepared phosphate-buffered saline), which afford
physiological or paraphysiological conditions. The particles are
easily concentrated with the magnet even at a distance between
the magnet and the sample of 5 cm, which indicates the easy
directing of the particles using the external magnetic field.
Therefore, the magnetite-based materials can find application
as iron ion scavengers at targeted organism sites.

3. CONCLUSIONS

The recent study presents the synthesis of deferoxamine-
loaded hybrid materials using three different supports. The
obtained materials were characterized with several analytical
techniques, involving the characterization of raw hybrid
materials and their complexes with Fe(III) ions. The materials
were subjected to various adsorption studies, which responded
in the comprehensive characterization of the materials’
adsorptive potential toward ferric ions. All the materials
showed high effectiveness in the adsorbate binding, reaching
adsorption capacities of 87.41 to 140.65 mg g ', which
correspond to 1.56 to 2.52 mmol g™". The highest values were
obtained for magnetite-based materials 3a and 3b, which might
be related to the use of a nanosized support. Moreover,
material 3a, as a magnetically active exemplary material, was
studied for competitive binding of Fe(III) ions from their
complex with PPIX, corresponding to hemin — an iron-
containing porphyrin found in human blood. The material
exhibited high effectiveness, which, jointly with its ability for
being magnetically directed, may lead to further biological
application in the treatment of hematologic diseases.

4. MATERIALS AND METHODS

4.1. Chemicals. The majority of the reagents were
obtained from Sigma Aldrich (Saint Louis, USA) (deferox-
amine mesylate salt >92.5%; poly(methyl vinyl ether-alt-
maleic anhydride) of average M,, ~216,000 Da and M,
~80,000 Da; tetraethyl orthosilicate >99.0%, 3-
(triethoxysilyl)propyl isocyanate 95%; (3-aminopropyl)-
triethoxysilane 97%; maleic anhydride 99%; 1,1,1,3,3,3-
hexamethyldisilazane for synthesis >98%; ZnCl, >98%,
anhydrous; Fe(ClO,);:xH,0, low chloride; protoporphyrin
IX (PPIX) >95%; human serum from human male AB plasma,
USA origin, sterile-filtered). Silica modified with surface
isocyanate and maleimide groups was obtained from SiliCycle
Inc. (Quebec, Canada) and characterized as follows: SiO,—
maleimide (size: 40—63 pm, loading: 0.68 mmol g~') and
SiO,—isocyanate (size: 40—63 um, loading: 1.41 mmol g™').
The other substances were of purity grade p.a. and obtained
from POCH (Gliwice, Poland) (FeCl;:6H,0 >97%;
Na,HPO,-2H,0 >99%; NaH,PO,H,0 >99%; Et,0 99.5%;
KCI 99.5%; anhydrous EtOH 99.8%; NH,OH 25%), Stanlab
(Lublin, Poland) (HCI 35-38%; citric acid monohydrate;
toluene), and EUROCHEM (Tarnéw, Poland) (NaCl 99.5%;
DMF, DCM). Moreover, (NH,),Fe(SO,),-6H,0 was supplied
by Aktyn (Suchy Las, Poland), and DMSO was purchased
from Merck (Darmstadt, Germany), which was dried over
molecular sieves 4 A prior to its use.

4.2, Instruments. Characterization of materials involved
using several analytical techniques. The FT-IR spectra of
deferoxamine-loaded hybrid materials were recorded on a

Bruker IFS 66v/S (Bremen, Germany) spectroscope operating
in the wavelength range between 400 and 4000 cm™" with a
resolution of 2 cm™', using KBr pellets as the sample medium.
The thermogravimetric measurements were performed using a
Setaram Setsys 1200 analyzer (Caluire, France) operating
between 20 and 1000 °C with a heating rate set for 5 °C
min~'. The samples were heated in an airstream. The
quantities of C, H, and N contents in the hybrid materials
were calculated based on the elemental analysis performed in
an Elementar Vario EL 111 analyzer (Langenselbold, Germany).
The obtained DFO-loaded materials were also visualized using
an FEI Quanta FEG 250 (Hillsboro, OR, USA) scanning
electron microscope (SEM) operating in a high vacuum
condition of 70 Pa. The instrument used an accelerating
voltage of 10 kV and a working distance varying between 9.9
and 10.4 mm. The SEM images were obtained with
magnitudes of 2000X for materials 1, 2a, and 2b and of
100,000% for Fe;04-based materials 3a and 3b. Moreover, for
non-magnetite-based materials, energy dispersive X-ray spec-
troscopic (EDX) imaging was performed. The magnetite,
magnetite—silica, and magnetite-based hybrid materials were
also characterized using a Bruker D8 Advance (Bremen,
Germany) powder diffractometer (XRD). The apparatus used
Cu Kal X-ray energy of wavelength A of 1.5406 A (Johansson
type) and worked in a high-angle mode in the 20 range
between 6 and 60°. Also, magnetite-based materials 3a and 3b
and the exemplary complex of material 3a with adsorbed
Fe(Il1) ions were characterized with the Brunauer—Emmet—
Teller (BET) isotherm performed using a Quantachrome
Autosorb iQ (Boynton Beach, USA). The samples were
outgassed for 12 h at 100 °C prior to their analysis for nitrogen
adsorption and desorption at a temperature of 77.35 K.
According to the experimental data, the samples’ surface areas
were established using the BET and Barrett—Joyner—Halenda
(BJH) methods. The range of relative pressure p/p, used for
the measurements was from 0.0 to 1.0, where the applicability
of the methods is from 0.05 to 0.3 and from 0.1 to 1.0 for the
BET and BJH methods, respectively.

The progress of Fe(Ill) adsorption on the DFO-loaded
hybrid materials was monitored by UV—Vis assays using an
Agilent 8453 spectrophotometer (Santa Clara, USA), operat-
ing in the range of wavelengths between 200 and 1000 cm™
with a resolution of 1 cm™. The samples were placed in a
poly(methyl methacrylate) (PMMA) cuvette (optical path
length: 10 mm), and the spectra were recorded in triplicate in
order to avoid any disturbances. The competitiveness in
trivalent ion binding by materials 2a and 2b was monitored
using a MiniPal2 X-ray spectrofluorometer (XRF) supplied by
Malvern PANalytical B.V. (Almelo, Netherlands) equipped
with a rhodium vacuum tube as a source of X-rays. The
analyses were performed for 200 s with an X-ray tube voltage
of 13 kV and automatically adopted current, which varied
between 18 and 30 wA. Moreover, the measurements were
conducted using a no element-excluding filter.

The materials’ stability and the competitive binding of
Fe(I11) ions by the chosen material 3a from a prepared PPIX—
Fe (hemin) complex were monitored using an amaZon SL ion
trap Bruker (Bremen, Germany) mass spectrometer with an
electrospray ionization source (ESI-MS). The samples were
injected into the ionization source at a flow rate of 10 uL
min~" by a syringe pump. The spectrometer worked in a so-
called “enhanced resolution mode” and a detection range
between 100 and 1000 m/z. The desolvating gas (N,) flowed
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at a rate of 800 L h™', while the cone gas (He) flowed at a rate
of 50 L h™". The voltages were set at —4.5 and —0.5 kV for the
capillary and the endplate offset, respectively.

4.3. Synthesis of the Deferoxamine-unctionalized
Hybrid Materials. 4.3.1. PMVEAMA-Based Material. A
solution of deferoxamine mesylate (0.84 g; 1.28 mmol) in 30
mL of DMF was placed in a three-neck round-bottom flask and
charged with a reflux condenser. The solution was purged with
inert gas (N,) and heated to 110 °C. Under a nitrogen
atmosphere, a solution of PMVEAMA (0.4 g) in 30 mL of
toluene:DMF mixture (2:1; v:v) was added dropwise through a
dropping funnel, with subsequent heating and mixing for 16 h.
Afterward, a cooled solution was treated with Et,O to obtain
the brown precipitate. The crude product was dissolved in
EtOH and recrystallized with Et,0, yielding 1.16 g (93.5%) of
material 1.

Material 1: FT-IR (KBr) cm™": 3399 (broad, v O—H, N—H
stretch), 2930 (v C—H asym stretch), 2859 (v C—H sym
stretch), 1769 (v C=0 anhydride ring stretch), 1700 (v C=
O carboxylic acid stretch), 1654 (v C=0 amide stretch),
1558 (v N—H amide bend), 1438 (v O—H bend), 1193 (v C—
O stretch), 1051 (v N—OH stretch), 785 (v N—H bend).

4.3.2. Silica-Based Hybrid Materials. The anchoring of
deferoxamine on the silica modified with either isocyanate or
maleimide groups was based on the same synthetic protocol. A
solution of deferoxamine mesylate (0.52 g; 0.8 mmol) in 40
mL of DMF was heated to ~75 °C and purged with nitrogen.
Then, 2 g of isocyanate- or maleimide-modified was added in a
few portions. Mixing under an inert atmosphere at elevated
temperature was continued for 2 h for isocyanate-function-
alized silica particles or S h for maleimide-functionalized silica
particles, leading to material 2a or material 2b, respectively.
Afterward, the warm mixture was filtered off, and the solid was
washed with DMF (30 mL) and DCM (25 mL), obtaining
white material 2a and yellow material 2b.

Material 2a: FT-IR (KBr) cm™": 3427 (broad, » O—H, N—
H stretch), 2939 (v C—H asym stretch), 2891 (v C—H sym
stretch), 1647 (v C=0 amide stretch), 1572 (v N—H amide
bend), 1092 (broad, v Si—O—Si sym stretch), 805 (v Si—O—Si
asym stretch), 467 (v Si—O-Si bend).

Material 2b: FT-IR (KBr) cm™': 3447 (broad, v O—H, N—
H stretch), 2926 (v C—H asym stretch), 2854 (v C—H sym
stretch), 1709 (v C=C maleimide stretch), 1655 (v C=0
amide stretch), 1414 (v O—H bend), 1094 (broad, v Si—O—Si
sym stretch), 958 (v Si—OH bend), 803 (v Si—O—Si asym
stretch), 698 (v = C—H maleimide bend), 467 (v Si—O-Si
bend).

4.3.3. Magnetite-Based Hybrid Materials. 4.3.3.1. Syn-
thesis of the Fe;0,~SiO, Platform. Magnetic iron oxide
(ILII) was obtained using the standard coprecipitation
method. An aqueous solution of FeCly:6H,0 (10.81 g; 0.04
mol) and (NH,),Fe(SO,),:6H,0 (7.84 g 0.02 mol) in 400
mL of distilled water in a three-neck round-bottom flask was
purged with N,. During mixing and constant purging with the
inert gas, a solution of 30 mL of NH,OH in 20 mL of distilled
water was added dropwise with immediate precipitation of
magnetite. After ammonia was added, the mixture was stirred
for 1 h. The precipitate was collected using an external
neodymium magnet, then washed two times with distilled
water (50 mL) and two times with ethanol (50 mL), and dried
under vacuum at 50 °C for 8 h, yielding magnetic nanoparticles
(4.52 g; 97.6%). The obtained Fe;O, nanoparticles were
further encapsulated within the silica matrix using the standard

Stober method. The dried magnetite nanoparticles were
dispersed in 300 mL of H,O:EtOH mixture (2:1; v:v) on an
ultrasound bath at room temperature. Next, 30 mL of
ammonia was added. During continuous stirring, a solution
of TEOS (490 uL; 2.25 mmol) in 20 mL of EtOH was added
dropwise. The mixture stayed in the ultrasound bath for 3 h,
obtaining dark brown particles. Afterward, the solid was
separated using the magnet, washed two times with distilled
water (50 mL) and two times with ethanol (50 mL), and dried
under vacuum at 50 °C for 8 h, yielding Fe;0,—SiO, platform.

4.3.3.2. Synthesis of Fe;0,~SiO,~NCO-Deferoxamine.
To a solution of deferoxamine mesylate (0.79 g; 1.2 mmol) in
50 mL of anhydrous DMSO placed in the ultrasound bath, (3
isocyanatopropyl)triethoxysilane (297 uL; 1.2 mmol) was
added. After mixture stirring for 2 h under an inert gas
atmosphere, 2.4 g of Fe;0,—SiO, particles was added in a few
portions. The silyl-derivative incorporation into the silica
matrix covering the magnetite core was carried out for 16 h at
room temperature under an inert gas atmosphere (N,). The
resulting deferoxamine-modified magnetite-based hybrid ma-
terial was separated with a magnet, washed two times with
EtOH (20 mL) and two times with DCM (20 mL), and then
dried under vacuum at 50 °C for 8 h. The resulting dark brown
particles were assigned as material 3a.

Material 3a: FT-IR (KBr) cm™": 3384 (broad, v O—H, N—
H stretch), 2918 (v C—H asym stretch), 2855 (v C—H sym
stretch), 1634 (v C=0 amide stretch), 1435 (v O—H bend),
1018 (v Si—O-Si sym stretch), 953 (v Si—OH bend), 795 (v
Si—O—Si asym stretch), $82 (v Fe—O stretch).

4.3.3.3. Synthesis of Fe;0,~SiO,~Maleimide—Deferox-
amine. Synthesis of deferoxamine-functionalized magnetic
particles through the maleimide linker was based on a
synthesis of 3-maleimide-propyltriethoxysilane, with its further
anchoring to Fe;0,—SiO, surface, which then underwent
functionalization with defer The maleimide-derivative
was obtained in a three-step process: (1) To a solution of
maleic anhydride (0.35 g; 3.6 mmol) in 60 mL of anhydrous
DMSO, 3-aminopropyltriethoxysilane (842 uL; 3.6 mmol) was
added. The ring-opening process was handled under
continuous stirring for 2 h at room temperature. (2) Then,
the mixture was heated to 80 °C in an oil bath, and a solution
of hexamethyldisilazane (755 yL; 3.6 mmol) in a DMSO:to-
luene mixture (2:1; v:v) and ZnCl, (0.49 g; 3.6 mmol) were
added. The reaction mixture was further stirred for 5 h at 80
°C. (3) Afterward, the mixture was cooled to room
temperature, and then the unreacted reagents were extracted
with cold Et,O (3 X 75 mL). The obtained DMSO solution of
the silane maleimide-derivative was poured to Fe;0,—SiO,
(2.4 g) suspension dispersed in 40 mL of anhydrous DMSO.
The silane binding to the surface silica matrix was continued
for 16 h under a nitrogen phere at room temp e.
The obtained Fe;O,—SiO,—maleimide particles were sepa-
rated, washed one time with DMSO and three times with
EtOH, and then dried under vacuum at 50 °C. The dried
particles were then poured into a solution of deferoxamine
mesylate (0.79 g; 1.2 mmol) in S0 mL of anhydrous DMSO.
The reaction of deferoxamine functionalization in the ultra-
sound bath was carried out for 24 h at room temperature,
under a nitrogen atmosphere. The resulting dark brown
particles were separated, washed with fresh solvents (1 X 10
mL DMSO, 3 X 20 mL EtOH), and dried under vacuum (50
°C), obtaining material 3b.
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Material 3b: FT-IR (KBr) cm™": 3396 (broad, v O—H, N—
H stretch), 2930 (v C—H asym stretch), 2855 (v C—H sym
stretch), 1700 (¥ C=C maleimide stretch), 1630 (v C=0
amide stretch), 1577 (v N—H amide bend), 1404 (v O—H
bend), 1050 (v Si—O—Si sym stretch), 797 (v Si—O—Si asym
stretch), 582 (v Fe—O stretch).

4.4, Stability of Deferc ine-Functionalized Materi-
als. The materials’ stability in biological conditions was
investigated by incubation of 15 mg les of each material in
20 mL of preprepared phosphate-buffered saline (PBS), which
affords paraphysiological conditions. The incubation was
handled at 37 °C for 24 h with constant shaking. Afterward,
the solids were centrifuged, and the solutes were injected for
ESI-MS analysis.

4.5. Fe(lll) Adsorption Experiments. 4.5.1. The Influ-
ence of pH on Adsorption Processes. Adsorption processes in
different aqueous environments were performed using S mM
solutions of Fe(ClO,);:6H,0 buffered in prepared solutions of
pH 1 and 2 (hydrochloric acid/potassium chloride buffer), pH
3, 4, and 5 (citric acid/disodium hydrogen phosphate), and
pure distilled water. Each experiment involved using 10 mg of
sample of each hybrid material, which was poured into 10 mL
of Fe(I1I) ion solution buffered in a particular medium. Each
sample was shaken for 24 h at room temperature. Afterward,
the solids were separated by filtration using a Schott funnel,
centrifugation, or using a magnet, depending on the type of
material used. The solutions were then investigated for the
amount of remaining metal ions, established using UV—Vis
spectrophotometric measurements (4, = 297 nm). The
amount of Fe(IIl) absorbed g, on the hybrid material was
calculated using the below equation, where ¢, and ¢, are the
initial and the equilibrium concentrations of the metal used,
respectively [mM], V is the volume of the solution used [mL],
m is the sample mass [mg], and M is the molar mass of the
adsorbate [g mol™'].

(o = cg)V "

9eq = m

4.5.2. Adsorption Isotherms. Isothermal studies involved
adsorption of Fe(IIl) ions from their perchlorate salt aqueous
solution in distilled water at different concentrations: 0.1, 0.5,
1, 2, 5, 10, and 20 mM. The experimental protocol and the
quantification of the metal adsorbed on the materials were
similar to those described in Section 4.5.1. The obtained
experimental data were then fitted to two widely used
isothermal models: the Langmuir and the Freundlich models,
which are presented below, respectively

1

|
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log G = ;log (e log K.

where g, is the maximal adsorption capacity of the material
toward the studied analyte [mg g~'], K, is the Langmuir
adsorption constant related to the analyte affinity to the
adsorption binding sites [L mg™'], 1/n is the empirical
constant indicating the heterogeneity of the adsorbent, and K.
is the Freundlich adsorption constant characteristic at a given
temperature [mg g~' (L mg™")""].

4.5.3. Adsorption Kinetics. The performing of kinetic
studies was based on the quantification of the metal uptake

from its aqueous solution depending on the contact time.
Thus, 15 mg of sample of each hybrid material was added to 20
mL of § mM solution of Fe(III) ions in distilled water. The
solute was collected in preset time intervals (0.25, 0.5, 0.75, 1,
2,3,5,8,and 24 h), in order to calculate the collective amount
of metal absorbed g, at time f, using the below equation
(analogical to the equation adopted to the equilibrium state),
where ¢, is the concentration of the metal at time t [mM]:

(‘0 - Cl)'v M

9= "

The obtained experimental data were subsequently fitted to
several kinetic models, leading to the decent characterization of
the adsorption processes. The models used were the pseudo—
first—order kinetic model, the pseudo—second—order kinetic
model, the intraparticle diffusion model, and the Elovich
model, in which linear plots are given below in appropriate
order

kl
log(qtq -q)= —mt +loggq,
% 1 1
—=—t+—
4 4. kg,
q,= kaVi + Cy

q, = pint + pin(ap)

where ¢, is the calculated equilibrium amount of metal
absorbed [mg g™'], k, is the pseudo-first-order kinetics
constant [h™'], k, is the pseudo-second-order kinetics constant
[g mg™" h™'], ky is the intraparticle diffusion constant [mg g™
h™'2], C,4 is the intraparticle diffusion plot intercept [mg g~'],
a is the Elovich constant [mg g™ min~'], and f# is the Elovich
exponent [mg g~']. Moreover, based on the pseudo-first- and
pseudo-second-order kinetic fitting, initial adsorption rate
constants k; [mg g™ h™'] were calculated, respectively

ki = kg,

ki=k zqel

Linear fitting of the experimental data to the pseudo—second—
order kinetic model also allowed for establishing the half-
adsorption time t,/, [h], which is equal to the time needed for
adsorption of the half amount of analyte adsorbed in
equilibrium:

b=
kz‘h

4.5.4. Adsorption Thermodynamics. Thermodynamic
studies were based on the reaching Fe(Ill) adsorption
equilibrium state at three different incubation temperatures:
298, 313, and 328 K. To 5§ mL of ferric perchlorate aqueous
solution in distilled water of concentration $ mM, 10 mg of
sample of the hybrid material was introduced. Each mixture
was incubated in 298, 313, or 328 K for 24 h. Afterward, the
amount of metal adsorbed on the hybrid material was
calculated using the same protocol as given in Section 4.5.1.
The obtained data were fitted to the van’t Hoff equation, which
is given below
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where K; is the distribution coefficient [L g™'] calculated as
e/ ey R is the ideal gas constant (8314 ] mol™" K'), and
AH® and AS° are the standard enthalpy [J mol™'] and entropy
[J mol™ K™'], respectively, of Fe(IIl) adsorption on the
particular hybrid material. Moreover, values of Gibbs free
energies AG® [J mol™" K™'] in particular conditions were
calculated:

AG°=—RT In K,

4.6. Competitive Binding of Trivalent lons. A series of
50 mg samples of silica-based materials 2a and 2b were
incubated for 24 h with 10 mL samples of three different Fe-
containing mixtures of trivalent ions (Fe/Cr/Al, Fe/Cr, or Fe/
Al systems). The mixtures, which contained Fe(ClO,);,
Cr(ClO,);, and/or Al(CIO,); at their final concentration of
5 mM, were prepared using distilled water as a solvent. After
the incubation time, the solids were centrifuged, the solutes
were separated, and the material—ion complexes were dried
under vacuum in the desiccator at room temperature. The
dried ples were subjected to XRF analy

4.7. Chelation of Ferric lons from the Biological
Complex. In order to investigate the competitiveness of the
materials in binding Fe(IIT) ions, the exemplary material 3a
was studied using a complex of protoporphyrin IX (PPIX) and
Fe(11I) ions. The complex was obtained by mixing S mL of a
0.1 mM solution of PPIX in methanol with $ mL of a 0.1 mM
solution of Fe(III) ions in distilled water for 24 h at room
temperature. Afterward, 2.5 mL of the obtained PPIX—Fe
complex was diluted with 2.5 mL of H,0:MeOH (1:1)
mixture, leading to the final complex concentration of 0.025
mM, and 10 mg of 3a was purged into the solution. The
mixture was shaken for 1 min, and then the material was
separated using an external magnetic field. The formation of
PPIX—Fe and the progress of Fe-binding within the adsorptive
material were monitored using ESI-MS analysis. Moreover,
the competitiveness studies were also performed using pre-
prepared citric acid/sodium hydrogen phosphate buffers of pH
3,4, 5 6,7, and 8 and phosphate-buffered saline (PBS).
Briefly, 0.5 mL of a 0.5 mM solution of PPIX—Fe in a mixture
of H,0:MeOH (1:1) was added to 9.5 mL of the buffers, and
then 10 mg samples of 3a were added. The incubation and
analysis conditions were the same as described above.
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Figure captions:
Figure S1. Synthetic routes for obtaining the deferoxamine—functionalized hybrid materials

Figure S2. Top: XRD spectra of the synthesized bare Fe3Os and Fes04-SiO>-NCO-DEF (3a) and Fe;04-SiOx>—
maleimide—deferoxamine (3b) hybrid materials; Bottom: a representation of theoretical XRD pattern of Fe;O4
(blue) and SiO; (red) (JCPDS card no. 01-088-0315)

Figure S3. BET isotherms obtained for material 3a before and after the complexation of Fe(III) ions, and for
material 3b. The red line refers to the nitrogen adsorption, while the blue line to the desorption step

Figure S4. The pore size distribution of materials 3a (green), 3b (blue), and the complex material 3a—Fe(III)
(red)

Figure S5. The ESI-MS spectra in positive mode of aqueous solutions: a) pure deferoxamine mesylate;
b) deferoxamine—Fe(Ill) complex using FeCly; c¢) deferoxamine-Fe(Il) complex using Mohr's salt
((NH4)2Fe(S504)2)

Figure S6. The experimental data fitting to the Freundlich isothermal model
Figure S7. The kinetic experimental data fitted to: a) the pseudo—first-order kinetic model; b) the Elovich model

Figure S8. The XRF spectra of the complexes of materials 2a and 2b with trivalent metal cations. The materials
were incubated with three different systems, containing Fe(III), AI(IIT), and/or Cr(III) cations

Figure S9. Concentrating of material 3a (a, b) and 3b (c, d) by neodymium magnet in: PBS buffer (a, ¢) and
human serum (b, d). The distances between magnet and sample are 0 cm (left) and 5 cm (right)

Table heading:

Table S1. Additional kinetic parameters calculated for Fe(IIl) adsorption kinetics fitted to the pseudo—first-order
and the Elovich models
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Figure S1. Synthetic routes for obtaining the deferoxamine—functionalized hybrid materials
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maleimide—deferoxamine (3b) hybrid materials; Bottom: a representation of theoretical XRD pattern of Fe3;Oq4
(blue) and SiO» (red) (JCPDS card no. 01-088-0315)
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Figure S3. BET isotherms obtained for material 3a before and after the complexation of Fe(III) ions, and for
material 3b. The red line refers to the nitrogen adsorption, while the blue line to the desorption step
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Figure S7. The kinetic experimental data fitted to: a) the pseudo—first-order kinetic model; b) the Elovich model
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Table S1. Additional kinetic parameters calculated for Fe(IIT) adsorption kinetics fitted to the pseudo-first-order

and the Elovich models
Pseudo—first-order Elovich model
Material ki-10 ki R? a B R
[h'] [mgg'h'] [mg g ' min'] [mgg']
1 040+0.07 175045 09189 0.37 =0.02 0.129£0.007  0.9809
2a 0.56+0.07 299+0.60  0.9875 0.32+0.08 0.103+0.011 09162
2b 0.34+£0.09 250+0.84  0.9467 0.35+0.07 0.095+0.009 0.9339
3a 042+£0.09 3.86=1.17 09044 0.78 £ 0.08 0.059 £ 0.004  0.9760
3b 041+£0.09 3.60=1.11 0.9179 0.68 = 0.08 0.064 =0.003 09747
CN  AISi Rh Cr  Fe Fe CN  AISi R Cr Fe Fe
I material 2a x material 2b
& I
z z \/
§ k_—____/\, Fe/Al g | \___J N Fe/Al
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Figure S8. The XRF spectra of the complexes of materials 2a and 2b with trivalent metal cations. The materials
were incubated with three different systems, containing Fe(III), AI(III), and/or Cr(III) cations
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Figure S9. Concentrating of material 3a (a, b) and 3b (c, d) by neodymium magnet in: PBS buffer (a, ¢) and
human serum (b, d). The distances between magnet and sample are 0 cm (left) and 5 cm (right)
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