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Titania materials are applied in a variety of applications, including separation and (photo)catalysis, in which their
performance depends on their structural, physico-chemical and surface properties. Although material properties
can be varied, controlling surface interactions is challenging, certainly in the case of metal oxides. To enhance
surface interaction and/or to introduce specific active sites, multiple approaches can be followed. In this
presentation, two approaches will be discussed: introducing defect sites in titania and synthesizing hybrid organic-
inorganic titania.

Hybrid organic-inorganic materials allow to introduce a wide diversity of chemical interactions not only through
the choice in the type of organic functional group but also via the methodology in which the organic functional
group is attached to the inorganic matrix [1]. Moreover, synthetic conditions and the choice of anchoring group,
as well as differences in the support properties in case of surface modification, create a large matrix of control,
adjustable to the specific requirements of the application. Although this provides significant opportunities to
enhance material’s functionalities for certain applications, it also holds challenges and pitfalls [2]. An overview of
synthesis approaches for hybrid organic-inorganic titania and its opportunities for separation and catalysis will be
provided but also lessons learned when developing and applying hybrid organic-inorganic titania based materials.

A second example that will be discussed is the reduction of titania to black titania, introducing defect sites that are
claimed to improve photocatalytic performance in literature [3]. In our work, we produce black titania through a
solid-state NaBH4 thermal reduction of (white/pristine) titania, a method that is widely described in literature.
Nevertheless, there is still controverse on the obtained properties after reduction, the reduction mechanism and its
impact on photocatalysis [4]. Our work shows several unexpected and titania-dependent features that might be at
the origin of these controversial observations in literature. Moreover, it highlights the need for extended
characterisation, safety precautions, detailed description of the method and titania materials applied as well as the
need for additional fundamental research on the reduction mechanism and the correlation between properties and
photocatalytic performance.
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Porous materials are highly adaptable, allowing new materials to be optimized or designed in terms of
functionality. They are characterized by a three-dimensional structure, cavities or pores and an internal surface.
These three elements open important prospects in terms of properties and, therefore, potential applications. The
internal surface is responsible for the many catalytic and adsorption properties of porous solids. These properties
are even more interesting when the internal surface is large and/or modified. The pores or cavities can be used in
several ways. The available pore volume allows molecules to be trapped. This ability to trap compounds is used
in several applications such as storage and controlled release. These pores can also be used as chemical
nanoreactors to prepare composite materials or for the confinement of unstable compound. In this presentation,
four examples will be developed to illustrate the high adaptability of porous materials in medical and health-related
fields.

The two first examples concern the sensitive detection of small molecules at low concentrations, this detection
being is of great importance especially for the drug intoxication and the disease diagnosis. Firstly, an example
concerning the detection of biomarkers of exposure will be presented. These biomarkers are chemical compounds
(or their metabolites) measured in human fluids and whose presence can attest an exposure to toxic substances.
The detection of biomarkers is thus a powerful tool in the health risk assessment and the clinical diagnosis since
the impact of toxic compounds is associated to a high probability of pathology outcome, even after decades. An
important challenge lies in the improvement of both threshold detection and facility of biomarkers separation. In
this context the solution we propose, consist in the design of advanced functional porous materials presenting on
their surface specific functions able to realize “lock/key” type interaction with the biomarker. For that purpose,
hybrid mesoporous silicas were prepared using as templates, original laboratory-made block copolymers
containing densely polypeptides functions. They were then studied for the detection of a specific biomarker.
Secondly, we will focus on the detection of drugs in case of intoxication. In the area of analytical toxicology, the
presence of drugs and their metabolites in biologic fluids is mainly performed using either immunochemical or
chromatographic methods. Efforts are devoted to develop methods combining advantages of these two techniques
without their disadvantages. In this context, porous nanocomposites composed of mesoporous silicas and noble
metal Au nanoparticles were studied as SERS substrates for the detection at low concentration of oxazepam, a
benzodiazepine metabolite. [1, 2]
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Figure 1 SERS detection of oxazepam using porous substrates containing gold nanoparticles.

The third example concerns the design of drug delivery systems (DDS). Indeed, the growing interest for finding
more efficient drug administration has induced huge research efforts devoted to the design of new functional
materials as controlled drug delivery systems (DDS) to maximize therapeutic efficacy and minimize side effects.
Among the various drug nanocarriers explored, stimuli-responsive mesoporous silicas are excellent candidates for
which the drug release can be triggered by the exogenous or the endogenous stimuli. In this context, pH-sensitive
and light-sentitive mesoporous silicas were synthesized and used, both in vitro and in vivo, as DDS. [3, 5]

In the fourth example, the pores were used to stabilize amorphous compounds. Indeed, the poor solubility of
numerous pharmaceutical compounds significantly impede their bioavailability, thereby diminishing therapeutic
efficacy. To overcome this issue and to increase the solubility of a BCS Class II active pharmaceutical ingredient
(API), we propose to confine it in its amorphous form within the pores of a porous material, thereby enhancing its
bioavailability. Indeed, compared to its crystalline counterpart, the dissolution of an API in its thermodynamically
unstable amorphous state allows for transient increase in the apparent solubility (Ceq). Vaterite was chosen as the
porous material and curcumin as the model molecules for poorly soluble API.
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Sulfur doping of carbon materials has attracted considerable attention due to the growing interest in applications
of the resulting composites, predominantly as electrode materials for lithium-sulfur batteries [1], as well as
photoactive materials [2]. Sulfur can be incorporated into the structure of nanoporous carbons by various methods;
however, these approaches are often energy-intensive, rely on harmful solvents, or offer poor control over the
amount and spatial distribution of sulfur [3-6].

Sulfur can be introduced into porous carbons by a variety of methods; however, these approaches are often energy-
intensive, rely on toxic solvents, and suffer from limited scalability as well as poor synthetic control over both the
sulfur content and its spatial distribution. Importantly, none of the existing strategies enables precise control over
the amount of sulfur and its pore-size-dependent allocation, nor do they broadly address potential applications
beyond batteries, e.g. separation science and, potentially, biomedicine, considering the unique properties of sulfur

(7.

Recently, we proposed a new method of the controlled insertion of sulfur into nanoporous carbon matrices (called
SASI: Steam-Assisted Sulfur Insertion) intrinsically combined with the possibility of porosity tuning and
regulation of pore accessibility [7]. This opens a pathway to carbon-sulfur composites exhibiting a wide spectrum
of unique and tunable physicochemical properties. Precise control over both the sulfur loading and its pore-size-
dependent allocation enabled the rational design of carbon-sulfur interfaces; the schematic idea is shown in Figure
1.

Sulfur-tuned advanced carbons
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Figure 1 Schematic presentation of the sulfur insertion scheme.

In this presentation, a range of applications explored to date for these sulfur-tuned carbon materials will be
discussed, highlighting how precise control over porosity and sulfur loading translates into functional performance.
The range of possible applications spans from electrode materials, through efficient adsorbents for environmental
remediation and separation processes to biomedical applications. In each of these applications, a key role is played
by the interdependence between the accessible porosity and the amount of sulfur allocated within the pores.
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The development of next-generation materials for air and water purification, ranging from household filtration
systems to personal protective equipment for emergency or crisis situations, such as gas masks and garments,
requires multifunctional remediation media capable of capturing, degrading, and neutralizing diverse hazardous
species. In this context, the synthesis of reactive nanomaterials plays a key role [1].

Metal-Organic Frameworks (MOFs) possess unique physicochemical characteristics, including high and
hierarchical porosity, accessible reactive centers within their pores/cages, and the ability to exist as nanostructured
particles. However, their practical deployment is limited by several drawbacks, such as insufficient thermal and
chemical stability, particularly poor resistance to humidity, high cost, and challenges associated with large-scale
synthesis. To overcome these limitations, it is essential to design MOF-based materials/composites that mitigate
these inherent weaknesses [2-4]. In this work, two main strategies are followed: (i) the development of defect-rich
bimetallic frameworks and (ii) the formation of composites with carbon-based nanostructures, including reduced
graphene oxide, graphitic carbon nitride, and carbon quantum dots. Toward real-life applications, our goal is to
employ the greenest possible synthesis protocols, achieving high yields using water as the sole solvent and
mechanochemical driven approaches, while minimizing the required amount of MOF material by homogeneously
decorating selected substrates [2,5].

Within this content, we demonstrate the optimization of the synthesis of bimetallic MOFs, specifically Zeolitic
Imidazolate Frameworks (ZIFs) based on Co- and Zn (ZIF-678), using water as the only solvent (Figure 1).
Systematic variation of the metal ratios enabled compositional optimization to maximize porosity, structural
stability, and active-site availability. Subsequently, we examine how composite formation using minimal carbon-
based filler loadings (~1 wt.%) effectively enhances key physicochemical properties and, consequently, the
remediation efficiency of ZIF-678 toward organic contaminants in both water and air. Pharmaceuticals were
employed as model water contaminants, while chemical warfare agent (CWA) vapors, including blister and nerve
agents, served as representative airborne threats. In addition, the chemical and hydrothermal stability, H, storage
and CO, capture capacity, as well as antibacterial activity of the ZIF-678 composites were evaluated. The
bimetallic ZIF-678 nanocomposites exhibited significantly enhanced porosity, gas-storage performance, and
antibacterial efficiency compared to their monometallic counterparts.
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Figure 1 Schematic illustration of the green, water-based synthesis of defect-rich bimetallic Co—Zn
ZIF-678 nanocrystals. A relative enhancement in textural properties of up to +62% is observed for the
bimetallic ZIF-678 compared to monometallic analogues.

Nanoporous carbon textiles (C-Texts) are highly attractive candidates, either as standalone materials or as
substrates, for air and water purification applications due to their high surface area, tunable surface chemistry, low
density, flexibility, and cost-effectiveness [6-8]. Nevertheless, their rational optimization remains challenging and
relies on two complementary strategies: (i) fine-tuning key physicochemical properties, particularly surface-
chemistry heterogeneity, and (ii) nanoengineering through the incorporation of catalytically active nanophases
[2,8]. Based on our experience, it was determined that, for C-Texts to be effectively utilized as substrates, surface-
chemistry heterogeneity must be enhanced, especially through the introduction of oxygen-containing functional
groups [2]. In addition, we demonstrated that the detoxification efficiency of C-Texts is not affected by the
presence of humidity, which may originate from environmental conditions or from perspiration and breathing
during use [9].

Building on these materials-design principles, this work highlights also strategies to enhance the multifunctional
performance of C-Texts for air and water decontamination toward large-scale protective media. Initially, the
adsorption efficiency of commercial and chemically modified C-Texts was evaluated, identifying the
physicochemical parameters most critical to performance, while systematically investigating the influence of
humidity under realistic conditions. Further improvements were achieved by developing scalable and cost-
effective methods to decorate C-Texts with minimal loadings of mono- and bimetallic MOFs, specifically ZIF-
based active phases. The resulting hybrid textiles (Figure 2) exhibited superior removal of diclofenac from water,
as well as catalytic detoxification of CWA vapors and droplets, accompanied by exceptionally high antibacterial
efficiency. These enhancements are attributed to homogeneous nanoparticle dispersion and synergistic adsorption—
catalysis interfacial effects, with oxygen-containing surface functional groups on the C-Texts playing a key role
by enabling efficient catalytic detoxification, strong and stable retention of hazardous molecules, and successful
crystallization and anchoring of the ZIF nanoparticles.

nanoporous L] C-Text-ox Engineered
Carbon Textile / ‘ C-Text with ZIF-678"
(cText) | S [ (C-Text-ox) ~ ety

Figure 2 Scanning electron microscopy (SEM) images illustrating the surface morphology evolution of
nanoporous carbon textiles (C-Texts): pristine C-Text on the left, oxidized C-Text (C-Text-ox) at the
center, and C-Text-ox homogeneously engineered with Co—Zn ZIF-678 nanoparticles on the right.
Oxidation induces surface cleaning/roughening and enhanced surface chemical heterogeneity, enabling
uniform anchoring of ZIF-678 nanocrystals, as highlighted in the magnified inset.

16



®

A Porous Materials for Environmental Applications 15. - 19.03.2026 * Poland

Acknowledgements

The work is financially supported by the National Science Centre (NCN) of Poland via the SONATA-19 grant
2023/51/D/ST5/01915 (PI: D. Giannakoudakis).

References
[1] D. A. Giannakoudakis, T. J. Bandosz, Springer International Publishing 1 (2017).

[2] D. A. Giannakoudakis, P. S. Pauletto, M. Florent, T. J. Bandosz, RSC Adyv. Interfaces 2 (2025) 1275-1287.
[3]1 D. A. Giannakoudakis, T. J. Bandosz, Molecules 24 (2019) 4529.

[4] D. A. Giannakoudakis, T. J. Bandosz, ACS Appl. Mater. Interf. 12 (2020) 14678-14689.

[5] D. A. Giannakoudakis, Y. Hu, M. Florent, T. J. Bandosz, Nanoscale Hor. 2 (2017) 356-364.

[6] D. A. Giannakoudakis, M. Barczak, M. Florent, T. J. Bandosz, Chem. Eng. J. 362 (2019) 758-766.

[7]1 D. A. Giannakoudakis et al., Chem. Eng. J. 524 (2025) 169457.
[8] P. S. Pauletto, D. A. Giannakoudakis, M. Florent, T. J. Bandosz, Carbon 230 (2024) 119673.
[9] D. A. Giannakoudakis, P. S. Pauletto, M. Florent, T. J. Bandosz, J. Hazard. Mater. 487 (2025) 137155.

17



Porous Materials for Environmental Applications 15. - 19.03.2026 * Poland

INVITED SPEAKERS

Porous Framework Materials for Proton Conduction

D. Matoga®*

*Faculty of Chemistry, Jagiellonian University, Gronostajowa 2, 30-387 Krakéw, Poland
*dariusz.matoga@uj.edu.pl

Porous framework materials (PFMs), including metal-organic frameworks (MOFs), covalent organic frameworks
(COFs), and hydrogen-bonded organic frameworks (HOFs), represent a broad class of materials characterized by
modularity, crystallinity and porosity [1]. These features enable the design and exploration of PFMs in a wide
range of applications, such as catalysis, drug delivery, sensing, gas storage, mixture separations, and energy storage
and conversion. Notably, proton-conductive PFMs (PC-PFMs) hold significant promise as solid electrolytes in
proton-exchange membrane fuel cells. Several strategies have been developed for synthesizing PC-PFMs, with the
most effective approaches involving the incorporation of Brensted acid groups into the organic framework and the
filling of cavities with acidic ions or molecules [2]. In this presentation, our original synthetic strategies for creating
PC-PFMs will be presented [3,4].

One approach involves chlorosulfonation of selected organic building blocks, which, upon assembly into MOFs,
results in the incorporation of terminal sulfonic groups into the MOF backbones. Another strategy involves the
conversion of non-conductive MOFs with open metal sites into proton conductive MOFs or metalo-HOFs through
a solvent-free mechanochemical process, utilizing thiocyanate salts with protic cations. Lastly, we employ an
inverse electron-demand Diels-Alder reaction as a covalent post-synthetic modification of MOFs containing a
tetrazine entity. This reaction is carried out under mild conditions using functionalized dienophiles, further
enhancing the functionality of the material.
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In Romania, in vitfro investigations on the antimicrobial activity of plant extracts against biodeteriogenic
microorganisms remain limited [1, 2]. The present study aims to address this gap by evaluating the antimicrobial
efficacy of eco-friendly strategies that combine plant-derived bioactive compounds with magnesium diboride
(MgB:) (nano)powders. These innovative approaches represent potential solutions for controlling a broad spectrum
of biodeteriogenic microorganisms relevant to the Romanian geographical, historical, and architectural context.

Hydro-alcoholic extracts from Allium sativum (cloves), Rosmarinus officinalis, Equisetum arvense, Polygonum
hydropiper, and Ononis spinosa (leaves) were obtained by dynamic maceration. Oxidative protection was assessed
using DPPH, CUPRAC, FRAP, ABTS, and NO scavenging methods to investigate antioxidant mechanisms that
may contribute to the neutralization of oxidative atmospheric pollutants. The antimicrobial and anti-biofilm effects
of these extracts, alongside three MgB. nanopowders manufactured by LTS Research Laboratories in 2019 and
2021, respectively, and by Alfa Aesar in 2023 and characterized through scanning electron microscopy (SEM)
were tested against bacteria, yeast and filamentous fungi isolated in 2025 from class A stone churches in Romania.
Microbial identification was performed via culture-dependent and metagenomic sequencing. Antimicrobial
assessment included adapted diffusion assays, minimum inhibitory concentration (MIC) determination, s/ime
assays, synergy analysis via the Fractional Inhibitory Concentration Index (FICI) and anti-enzymatic activity using
sub-inhibitory concentrations (MIC/2 and MIC/4).

The results obtained demonstrated that in the three Class A churches in Vélcea County (Cozia, Bolnita, and
Maldarasti), modern diagnostic methods revealed areas with high deterioration potential, which were correlated
with local climatic fluctuations. A significant antioxidant effect was observed only in the presence of vegetal
extracts, while MgB: alone exhibited minimal activity, demonstrating the critical importance of vegetal extracts
in the formulation aimed at mitigating oxidative damage to cultural heritage assets. Using both culture-dependent
(MALDI-TOF) and culture-independent approaches (16S and ITS sequencing), dominant genera such as
Cladosporium, Aspergillus, Alternaria, and Bacillus were identified, with high diversity in zones exposed to
elevated humidity and temperature variability. The isolated bacterial and microfungi strains exhibited the capacity
to produce degradative enzymes (cellulases, esterases, amylases) and organic acids, and were subsequently used
to investigate conservation and restoration strategies. R. officinalis extract exhibited the highest antioxidant and
antibacterial activities, particularly against Bacillus megaterium (MIC values: 7.81-62.5 uL/mL) and significant
inhibition of bacterial adherence. 4. sativum extract demonstrated superior effeciency against fungi, including
Aspergillus niger, Cladosporium spp., and Rhodotorula mucilaginosa. MgB: nanopowders exhibited broad-
spectrum antimicrobial activity (MIC: 0.07-0.62 mg/mL). Synergy with R. officinalis extract was observed in 57%
of tested strains. The investigated solutions showed strain-dependent effects, including enzymatic inhibition and
modulation of organic acid activity at sub-inhibitory concentrations, influenced by the biochemical environment.
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These findings highlight the potential of integrating natural plant extracts with MgB. nanopowders as effective,
low-impact alternatives for microbial control in cultural heritage conservation.
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Over the last two decades, the global production of electronic devices has risen enormously, and with it, the amount
of electronic waste. For this reason, the development of green electronics is a priority to decrease environmental
pollution from heavy metals, toxic components, and plastic particles. Nanocellulose is a natural polymer with
excellent properties—it is biodegradable, lightweight, mechanically strong, inexpensive to produce, and
sustainable. It can be derived from various sources, such as organic waste, bacteria, microalgae, or plants. The
structure of nanocellulose depends on its type: nanocrystals are 2-5 nm wide and approximately 100 nm long
particles, while nanofibrillated nanocellulose contains ribbon-like fibers, 2-3 nm wide, which form a network with
pores ranging from a few nm to pm, depending on the cultivation and treatment conditions [1]. Nanocellulose
itself is an insulator, so for use in green electronics it must be combined with conductive materials, such as metal
particles, carbon materials, or other conductive polymers, using techniques like in-situ polymerization, doping,
oxidative graft copolymerization, or vapor deposition polymerization [2].

In the present study, we prepared bacterial nanocellulose from a SCOBY membrane (kombucha), which was
incubated for 24 hours in 1M NaOH to remove impurities and microorganisms. The nanocellulose was blended,
filtered through a 0.45 micrometer filter under vacuum, and rinsed to reach a neutral pH. For the conductive
nanocellulose composite, graphene oxide (0.5 - 2 mg/ml) and iodine (0.01 - 0.025 M) were added to the bacterial
nanocellulose and mixed using a magnetic stirrer at room temperature for 24 hours. The nanocellulose was then
filtered to remove excess water and dried at 60°C for 12 hours. Conductivity measurements were performed using
a Laqua Twin meter (Horiba, Japan) according to the manufacturer's instructions in triplicate. The samples were
imaged in a JSM-7500F field emission scanning electron microscope (SEM; JEOL, Tokyo, Japan) with an
acceleration voltage of 5 kV, a probe current of 0.3 nA, and a working distance of 6.0 mm. SEM images of
untreated nanocellulose and iodine-doped nanocellulose are depicted in panels A and B. The results (panels C, D)
reveal that untreated nanocellulose exhibits relatively low conductivity, whereas GO-treated nanocellulose
displays a marked increase in conductivity at lower concentrations compared to treatments with iodine.
Specifically, untreated nanocellulose shows a conductivity of approximately 0.1 S/m, while GO-treated
nanocellulose achieves up to 200 S/m, demonstrating its transition towards conductive and semiconductive
properties (Figure 1) [3].
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Figure 1 Exploration of nanocellulose properties. A. SEM analysis of SCOBY membrane (symbiotic
culture of bacteria and yeasts) after alkaline treatment and blending. B. Nanocellulose with 0,02M iodine
dopping. C. Conductivity of nanocellulose dopped with graphene oxide and D. iodine treatment.
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Microbial infections and cancer represent major global health challenges today, primarily managed through
antibiotics and anticancer drugs like cisplatin. However, overuse of these treatments has rapidly fueled resistance
development, while adverse effects such as nausea, dysbiosis of the gut microbiome and hearing loss are frequently
reported with their administration. Therefore, the development of novel, potent antimicrobial and anticancer
therapeutics is urgently required [1, 2].

Silver(I) compounds represent a promising alternative in combating rising bacterial resistance in the treatment of
infections caused by pathogenic microorganisms. Their toxicity toward bacterial cells has long been known, while
their toxicity to human cells remains relatively low, which is a significant advantage over other medically relevant
metals. The choice of ligand is crucial; es it directly influences the biological activity of silver(I) complexes. The
efficacy of these complexes is closely linked to their water solubility and stability, lipophilicity, and rate of release
of the silver(I) ions [3]. Moreover, in recent decades, silver(l) complexes with various ligands have emerged as
selective anticancer agents effective against different types of cancer cells [4].

Metal-organic frameworks (MOFs) have recently garnered substantial attention for encapsulating and storing
various active agents. They stand out as adaptable crystalline structures featuring customizable pore sizes,
exceptionally large surface areas, and diverse functional attributes, rendering them highly suitable for diverse uses.

[3].

Within our experimental study, we prepare stable complexes of silver(I) ions with selected ligands. We selected
ligands that naturally occur in the human body and fulfill physiological roles, such as the amino acid glutamic
acid, malonic acid and a-ketoglutaric acid. The synthesized complexes underwent comprehensive physicochemical
characterization using techniques such as elemental analysis, IR spectroscopy, X-ray crystallography and thermal
analysis. As a next step in our research, we will focus on evaluating the biological activity, with emphasis on their
potential antibacterial and anticancer effects. Also, the synthesized silver(I) complexes can be encapsulated into
MOFs through post-synthetic modification, such as post-synthetic metalation (PSMet).
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The expansion of advanced imaging techniques in biology and medicine is pushing the boundaries of innovative
applications and the development of contrast agents. Advanced imaging utilizes sophisticated detection techniques
that integrate multiple complementary imaging modalities along with state-of-the-art image analysis. This
multimodality results in considerable enhancement in data analysis and opens avenues for real-time applications
in medicine and biology.

Metal-organic frameworks (MOFs) offer new possibilities for bioimaging and enhance multimodality in nano- and
microparticle bioapplications [1]. These porous materials can entrap both hydrophobic and hydrophilic molecules
and can be tailored to deliver specific combinations dedicated to detection and treatment conditions. Combination
therapies captured by chemotherapeutics can be supplemented with contrast agents conjugated within the particles
or on functional layers attached to the surface of the MOFs [2].

In our study, we employed microparticles based on MIL-101 and nanoparticles based on UiO-66 archetypal
structures, known for their large surface area, defined mesopores, and excellent thermal and chemical stability.
These structures were investigated using fluorescence microscopy, Raman spectroscopy, and optical coherence
tomography in 2D and 3D cellular models to describe the morpho-molecular responses of cells to selected
treatments [3]. Photosensitive molecules active in photodynamic therapy were loaded into the pores to introduce
a bi-modal function for photodiagnostics (emitting fluorescence) and light-activated treatment by generating
reactive oxygen species (singlet oxygen, superoxide, and hydrogen peroxide) to destroy targeted biological
structures [4, 5]. The surface of the MOFs was functionalized for targeted drug delivery (folic acid, histidine,
SARS-CoV-2 spike RBD protein, and ligands highly recognized by breast cancer cells) [5, 6].

Overall, the hierarchical structure of the developed transport systems demonstrated broad applicability and
potential for bioimaging, photodiagnostics, anticancer treatment, bacterial inhibition, photodynamic antibacterial
treatment, and viral inactivation through interaction with MOFs.
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Bone defect healing is a complex process influenced by biological and mechanical factors [1] which may impede
normal biomechanics and the structural stability of bone as an organ. In many cases, the correction of bone defects
requires extensive surgical intervention involving bone-grafting techniques and other procedures in which healing
is slow, the risk of infection is high, and considerable pain is provoked - with no guarantee of complete correction
of the defect [2]. Traditional orthopaedics techniques use metal implants made of stainless steel or titanium have
long been the standard for fracture fixation. Despite their advantages, these materials still carry risks for patients,
such as infection, the need for a secondary surgery to remove the implant, and potential biological complications
related to corrosion or ion release. Also, biomechanical compatibility of the traditional metallic implants, presents
arisk of unstable adhesion between the hard tissues and the implant [3]. These limitations have resulted in
extensive research into biodegradable materials that provide adequate mechanical support during healing and later
degrade gradually without the need for reoperation. Autografts remain the gold standard, but their use is limited
by donor site morbidity and restricted availability [4]. Allografts and synthetic substitutes carry risks of immune
rejection or infection [5]. Biodegradable implants offer an attractive alternative as they are gradually resorbed and
replaced by new bone, thus avoiding secondary removal surgery [6]. Polymers offer good biocompatibility but
lack sufficient strength for hard tissue applications [7]. On the other hand, biodegradable metals, such as
magnesium- and iron-based alloys, offer superior mechanical integrity, though they require better control over
degradation rates [8]. Ceramics, especially hydroxyapatite, are valuable as bioactive coatings that enhance implant
integration [9]. Current research focuses on the development of iron-based porous implants with tailored corrosion
and mechanical properties. Porous structure has been recognized as an effective way to eliminate this mismatch of
elastic modulus [10]. The presence of material voids permits the infiltration of cells, mechanical compliance, and
outward diffusion of pharmaceutical agents. Various studies have confirmed that porosity indeed promotes
favourable tissue responses, including minimal fibrous encapsulation during the foreign body reaction (FBR) [11].
The porous structure also provides high interfacial bond area for vascularization and bone ingrowth [12],
promoting the biological fixation of implants and bones. The present study describes the design and in vivo
evaluation of a novel sponge-like iron-based biodegradable implant intended for bone replacement, demonstrating
promising potential for orthopaedic applications [13].

The experimental study focused on establishing a standardized critical 5 mm full-thickness bone defect in the tibia
in a rat model (Rattus norvegicus, Wistar strain), and the use of iron implants for bone substitution with monitoring
period of one year.

In animals three implants and one control group were used:

Pure iron implant,

Iron implant enriched with hydroxyapatite,

Iron implant enriched with gentamicin,

Control group without internal bridging of the bone stumps.

B W N —
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The methodology was focused on evaluating inflammatory markers during the first 21 days after defect creation
and implantation of the biodegradable material. Monitoring and evaluation of metallic material incorporation into
bone tissue and its degradation were carried out over a 365-day period following surgery. Another part of the
evaluation of bone tissue formation was the gene expression analysis for: Collagen type I alpha 1 (COL1A1),
Osteocalcin, Osteopontin, Osteonectin in predetermined intervals on 28, 90, 180, and 365-day after the surgical
application. Macroscopic assessment of bone expression was focused on: The bone fragments status,
Osteointegration and degradation of the iron implants, Bridging - overgrowing of the bone defect and Reaction of
the surrounding structures. In the results of macroscopic evaluation, the greatest reactivity of the soft tissue like
surrounding structures at the defect site was observed in the group with gentamicin-enriched iron implants,
manifested as a strong inflammatory reaction, poor incorporation into the bone stump, and increased postoperative
complications.

The most notable ingrowth of new tissue through the iron implant was observed from day 180 in the group with
hydroxyapatite-enriched implants. The limitations of pure iron implants emerged: Formation of cartilaginous
pseudo-tissue as the initial stage of callus formation, Loss of stability of the pure implant, Delayed osteointegration
due to the reactivity of surrounding structures during degradation and increased inflammatory response after
implantation.

The results of an experimental study of critical bone defects in Rats as an animal model using enriched iron
implants pointed to limitations and the need for further research. Further research should be focused on developing
a porous structural matrix made from multiple materials with different stiffness and resorption times, aimed at
creating bio composites for bone tissue replacement.
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Infectious diseases are increasing each year and posing growing challenges to scientific readiness. It is therefore
essential to be prepared for these threats from the very onset of an outbreak. For example, the coronavirus disease
pandemic that emerged in 2019 affected more than one hundred million people worldwide and had profound
consequences for society, public health, and the global economy [1]. In emergency responses, three key principles
are particularly important: prevention, early diagnosis, and targeted therapy.

Among the developing promising strategies to address these challenges are modular nanoparticles, which offer a
combination of versatility, multifunctionality, and the potential for real-time monitoring of therapeutic outcomes.
This class of nanoparticles also includes a metal-organic framework (MOF) material, specifically UiO-66(Zr)-NH,
— a highly stable, biocompatible, and porous material composed of zirconium clusters connected by 2-
aminoterephthalate linkers. UiO-66(Zr)-NH, is outstanding by its small particle size, chemical robustness,
catalytic activity, and high drug-loading capacity. Its large surface area and accessible amine functional groups
enable efficient surface modification, making it particularly suitable for targeted drug delivery and subcellular
transport [2]. Previous studies have demonstrated its potential in anti-inflammatory therapy and wound healing
applications. More recently, the MOF MIL-101(Al)-NH; has been shown to be effective for antiviral drug delivery,
spike protein immobilisation, as well as applications in bioimaging and antibacterial photodynamic therapy [3].

This study focuses on the synthesis, characterization and properties study of a novel nanosystem based on UiO-
66(Zr)-NH> modified with cysteine molecules for future functionalization of the SARS-CoV-2 receptor binding
domain (RBD) protein. This modification strategy aimed to interact between the material and biological molecules
or cells to enhance the selective targeting of ACE2 receptors, mimicking the virus's entry mechanisms.

UiO-66(Zr)-NH, was synthesized via a solvothermal method using zirconium chloride and 2-aminoterephthalic
acid as precursors. Surface modification with cysteine was achieved through amide bond formation between the
amine groups of the MOF and the carboxyl groups of cysteine. The resulting materials were characterized by
available physicochemical techniques, specifically using infrared spectroscopy, powder X-ray diffraction, argon
adsorption/desorption analysis, thermogravimetric analysis, Raman spectroscopy and fluorescence spectroscopy.
Infrared and Raman spectroscopy with argon adsorption/desorption measurements confirmed the successful
synthesis and cysteine modification of the UiO-66(Zr)-NH, material. An example of confirmation of this
conclusion can be the descending surface area (Sper) and pore volume values obtained from the argon
adsorption/desorption measurements. For pristine material UiO-66(Zr)-NH, Sger was 625 m? g'! and pore volume
was 0.314 cm® g'. For modified material UiO-66(Zr)-Cys these values were 564 m? g™ and 0.275 cm® g!. Also,
thermogravimetric analysis revealed that the materials remained thermally stable up to 400 °C, corresponding to
decomposition of the organic linker, and quantified the amount of bound cysteine as 22.6 mg g™'. At the same
time, according to powder X-ray diffraction analysis, the crystallinity and structural integrity of the material were
preserved after modification. These materials can also be used in fluorescence bioimaging to monitor the
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distribution of nanoparticles in biological samples, as they showed fluorescence emission maxima between 400-
475 nm after 280 and 405 nm excitation.

In the field of biological activity, the biocompatibility of UiO-66(Zr)-NH, and UiO-66(Zr)-Cys nanoparticles was
studied with HEK293T cells at concentration range from 0.02 to 0.07 mg mL"' over a 48 h incubation period and
the results are shown in Figure 1. The metabolic activity of mitochondria, reflected by the production of formazan,
showed no significant differences between untreated control cells and those exposed to nanoparticles below 0.017
mg mL"! for UiO-66(Zr)-NH; or UiO-66(Zr)-Cys. However, at higher particle concentrations (0.035 and 0.07 mg
mL1), a significant increase in formazan production was observed. It was also observed that UiO-66(Zr)-NH>
nanoparticles simultaneously provide catalytic support for NADH regeneration and thus detect metabolic markers.
This catalytic behaviour may account for the increase in formazan levels detected at higher concentrations of UiO-
66(Zr)-NH; and UiO-66(Zr)-Cys, likely through their influence on cellular redox processes.
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Figure 1 Display of metabolic activity of HEK293T cells determined by MTT assay after 48 hours
of incubation with different concentrations of UiO-66(Zr)-NH: nanoparticles (blue bars) and UiO-66(Zr)-

Cys (green bars).
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Diabetes mellitus represents a long-term metabolic disease associated with persistent hyperglycemia resulting from
inadequate insulin secretion, reduced insulin sensitivity, or a combination of both [1]. Reliable and timely
diagnosis is essential for appropriate disease management and for minimizing the risk of secondary complications.
Currently, diabetes is commonly diagnosed using established clinical assays, including the Fasting Plasma Glucose
(FPG), Oral Glucose Tolerance Test (OGTT), Glycated Hemoglobin (HbA1lc), and Random Plasma Glucose tests
[2]. Despite their widespread use, many of these diagnostic approaches rely on enzymatic electrochemical
principles, which are often limited by enzyme instability, elevated production costs, and sensitivity to external
conditions such as temperature, pH, and humidity. Consequently, increasing attention has been directed toward
non-enzymatic electrochemical sensing strategies, which provide improved operational stability, reproducibility,
and economic advantages for the determination of insulin levels [3].

In this work non-enzymatic insulin sensor based on screen-printed carbon electrodes (SPCEs) modified with LAL-
produced Ni NPs (LAL-NiNPs-SPCE) for insulin determination in blood serum was developed.

Electrochemical determination of insulin in blood serum samples

Electrochemical measurements of insulin in blood serum were conducted by cyclic voltammetry within a potential
window ranging from 0 to +1.0 V, applying a scan rate of 100 mV/s. The obtained voltammetric profiles (Figure
1) reflect the analytical performance of the LAL-NiNPs-SPCE sensor toward insulin over a concentration range
of 0.5-5 uM. Notably, all analyses were performed directly in blood serum, demonstrating the sensor’s ability to
function effectively in a complex biological environment.

In the presence of serum, the cyclic voltammograms revealed a pronounced increase in anodic current associated
with insulin oxidation (Figure 1A), while the overall shape of the voltammetric response remained unaffected by
matrix components. A strong linear dependence between the oxidation peak current and insulin concentration was
observed (R? = 0.99), with the oxidation peak potential showing negligible variation across the examined
concentration range (Figure 1B). These observations indicate that typical serum constituents, including glucose,
ascorbic acid, uric acid, and albumin, did not produce measurable interference under the applied experimental
conditions.

The lack of peak deformation, signal attenuation, or background distortion highlights the high selectivity of the
proposed sensor, which can be attributed to the combined effects of the nickel nanoparticle-modified electrode
surface and the inherent electrochemical selectivity of insulin oxidation. Collectively, these results confirm the
robustness of the LAL-NiNPs-SPCE in real biological matrices and underscore its promising applicability for
clinical insulin monitoring.
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Figure 1 A) Cyclic voltammograms for different concentrations of insulin in human blood serum and 0.1
M NaOH solution (0.5, 1, 2, 3, 4, and 5 pM) at 100 mV/s. B) Dependence of current response to
concentration of insulin fitted by a linear function.

Taken together, the findings demonstrate that the LAL-NiNPs-SPCE provides an effective platform for the
quantitative determination of insulin. The successful establishment of a robust linear calibration relationship within
a complex blood serum environment highlights the sensor’s excellent selectivity, sensitivity, and resistance to
matrix-related interferences, confirming its strong potential for application in clinical diagnostics as well as
pharmacological evaluation of insulin.
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The accurate determination of insulin is essential for diabetes diagnostics, biomedical research, and pharmaceutical
quality control [1]. However, conventional analytical techniques are often associated with high costs, complex
sample preparation, and significant environmental burden [2]. In response to the growing demand for sustainable
and accessible analytical tools, this work presents a novel, environmentally friendly carbon paste electrode (CPE)
designed for non-enzymatic electrochemical determination of insulin in real blood serum samples.

The proposed sensor was fabricated exclusively from eco-friendly and waste-derived materials, incorporating
carbon powder obtained from waste processing, coconut oil as a natural binder, and a pencil lead as the working
electrode substrate. To enhance the electrochemical performance toward insulin oxidation, the CPE surface was
modified with copper using cyclic voltammetry method via following steps.

CPE modification

5g of carbon powder (L-274-A) was mixed with appropriate 1.5 g of melted coconut oil. Thereafter, 10 mL of
ethanol was added to the mixture and homogenised by ultra sonification during 10 min. Then samples were stored
at 60 °C to evaporate ethanol from the samples. Prepared paste was applied on the bottom of pencil CPE, and the
surface of carbon paste was polished. Cu particles were electrodeposited on the surface of the CPE via cyclic
voltammetry within the potential window from 0 to -1 V, at scan rate 100 mV/s from the solution of 12 g CuSOs,
2.6 mL H,SO4, and 6 mL ethanol in 1 litter of distilled water. For all electrochemical measurements was used three
electrodes system where Pt electrode, Ag/AgCIl/KCl, and carbon paste electrode were used as auxiliary, reference,
and working electrode, respectively.

Electrochemical determination of insulin in blood serum samples

The determination of insulin in blood serum was performed using cyclic voltammetry in the potential range from
—1.0to +1.0 V at a scan rate of 100 mV s™'. The recorded cyclic voltammograms (Figure 1) illustrate the analytical
response of the copper-modified carbon paste electrode (Cu/CPE) toward insulin within the concentration interval
0f 0.66 uM to 3.3 uM. Importantly, all experiments were carried out directly in a blood serum matrix, confirming
the capability of the electrode to operate reliably in a complex biological medium.

The voltammetric curves display a distinct and irreversible anodic peak, which can be attributed to the
electrochemical oxidation of insulin, primarily involving tyrosine residues. The oxidation peak potential remains
essentially unchanged across the studied concentration range, indicating a stable and reproducible reaction
pathway. Quantitative evaluation is provided in the inset, where the calibration relationship was obtained by
correlating the anodic peak current (/) with insulin concentration (c). A strong linear dependence was observed
within the examined range of 0.66-3.3 uM, demonstrating a linear dynamic response, with a limit of detection of
0.7 uM and a sensitivity of 170 pA uM™.
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Figure 1 Cyclic voltammograms for Cu/CPE with various concentrations of insulin in bovine blood serum.
Inset: Calibration curve.

Overall, the obtained results confirm the high efficiency of the Cu/CPE for quantitative insulin analysis. The
formation of a reliable linear calibration model in the presence of a complex blood serum matrix underscores the
sensor’s high selectivity, sensitivity, and tolerance toward matrix effects, highlighting its considerable potential
for use in clinical diagnostics and pharmacological insulin analysis.
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Although UiO-66 is a classic metal-organic framework (MOF), its advantages are its large surface area and thermal
stability. Its porosity allows the incorporation of small molecules at high loading capacity, and surface
modifications of UiO-66 enable the development of targeted delivery systems for various diseases. Moreover,
functionalisation can control the premature release of drugs from the delivery system. On the other hand, its acidic
sensitivity makes this system highly suitable for targeted drug release in tumour tissue, which is characterised by
low pH. Different metals doped into UiO-66 can be used to create nanostructures, but the zirconium modification
is the most biocompatible and therefore suitable for biological applications. It has been reported that UiO-66(Zr)
has high stability in water, flexibility, compatibility, and, most importantly, low toxicity [1].

In the present study, histidine (His) modification of UiO-66(Zr)-NH, was investigated for the delivery of
methylene blue (MB) and 5-fluorouracil (5-FU) into breast cancer cells. This delivery can target L-type amino
acid transporter 1 (LAT1), which can be overexpressed in certain types of cancer cells [2]. The delivery system
developed in this study was designed to combine chemotherapy and photodynamic therapy, which was activated
with orange light.

Ui0O-66(Zr)-His modification facilitated the transport of nanoparticles into cancer cells, as observed by both
fluorescence microscopy and flow cytometry. Fluorescence microscopy revealed that MB release was inhibited
by His modification in solution and in cells. Nevertheless, photodynamic action triggered by irradiation of breast
cancer cells with 590 nm light resulted in inhibition of cell proliferation. The cells studied had either overexpressed
or down-expressed HER2 receptors, which was influenced by the treatment. The expression of HER2 receptors in
cells was confirmed by highly specific binding of a bioluminescent DARPin-Luciferase fusion protein that
recognises HER2 receptors in living cells. Cell proliferation was even more affected when a combination treatment
of MB and 5-FU was used. This treatment significantly influenced cell signalling, leading to apoptosis and
autophagy.

In summary, the developed transport system with targeted delivery and combination therapy demonstrated strong
potential for cancer treatment.
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The development of multifunctional drug delivery systems (MDDS) targeting diseased areas arose from the need
to overcome drug limitations such as cytotoxicity, immunogenicity, short circulation times, uncontrolled bio-
distribution, and the inability to target specific tissues. Significant advances in nanobiotechnology have led to the
development of MDDS to serve diagnostic and therapeutic purposes through a single medical device capable of
performing bioimaging tasks while improving the therapeutic efficacy of marketed drugs. Stimuli-responsive
nanostructures can take advantage of changes in the biological microenvironment of the disease in question and
respond to changes in temperature, pH, redox conditions, reactive oxygen species (ROS), and enzyme
concentration, with combinations of stimuli increasing the therapeutic versatility of MDDS. This approach, defined
as a new paradigm in nanomedicine, has applications in several fields, including cancer therapy, drug delivery,
tissue engineering, and even bionics. In this scenario, the intrinsic properties of nanoparticles are used to develop
active devices with diagnostic, therapeutic, or even theranostic functions. Our group has developed several
theranostic covalent organic frameworks (COFs) as smart trigger-responsive MDDSs that cover a wide range of
applications from cancer therapy to bioimaging to diabetes control. Nanoscale COFs have shown tremendous
potential as new candidates for nanomedicine due to their unique properties-large surface area, tunable pore
geometry, crystallinity, versatility, as well as responsiveness to physiological environments. COFs exhibit a long-
range ordered structure that results in regular pores with diameters that facilitate the loading and controlled release
of prominent drugs and proteins/enzymes. Moreover, their high flexibility in molecular design makes them
versatile and uniquely responsive to their environment. Recently, we published the formation of imine-linked
nanoscale COFs linked for cancer therapy. The resulting COFs were stable under physiological conditions but
disintegrated in an acidic medium, an essential property of the microenvironment of most solid tumors, and
facilitated site-specific drug release.['l On the other hand, we reported a triazine-based COF with high stability
under harsh acidic environmental conditions for oral insulin delivery to diabetic rats.””) The insulin-loaded COF
crossed the intestinal barrier and sustainably lowered blood glucose levels in vivo in diabetic rats (T1D), and blood
glucose levels completely returned to normal without causing systemic toxicity compared with the control group
of nondiabetic rats. In my talk, I hope to offer some key elements to answer the question, "Can COF nanoparticles
serve as effective therapeutics for various disease treatments?"
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The integration of metal-organic frameworks into carbon-based architectures represents an effective strategy for
the design of multifunctional porous materials with potential biomedical relevance. In particular, hybrid systems
combining the high surface area and tunable porosity of MOFs with the structural robustness of hierarchically
porous carbon supports offer promising opportunities for the development of advanced drug carrier platforms [1].
Among these materials, the chromium-based MIL-101-Cr framework stands out due to its exceptional textural
properties and chemical stability, which have been widely demonstrated in drug delivery studies [2].

In this contribution, a hybrid composite material based on MIL-101-Cr was prepared and incorporated into a
hierarchically porous carbon monolith (MMM) using an in situ growth method. This synthetic strategy enabled
the direct formation of the MOF phase inside the carbon matrix, resulting in a structurally integrated composite
while maintaining the hierarchical pore system of the carrier. The successful incorporation and distribution of
MIL-101-Cr within the carbon monolith was verified by X-ray diffraction, nitrogen adsorption—desorption
measurements, and scanning electron microscopy, which together confirmed the coexistence of both components
without structural degradation.

The resulting MIL-101(Cr)@HPCM composites are envisaged as advanced carriers for anticancer agents, with
particular emphasis on 5-fluorouracil and pemetrexed. Owing to their combined porous structure and enhanced
stability, these materials are expected to provide high drug-loading capacity and enable controlled drug release,
potentially influenced by environmental conditions such as pH [2,3]. Further investigations are currently focused
on drug encapsulation efficiency and release behavior under conditions relevant to biomedical applications.
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Porous composite materials based on metal-organic frameworks (MOFs) and hierarchically porous carbon
materials (HPCM) represent promising platforms for controlled drug delivery [1,2]. In this work, composite
systems containing UiO-66 and UiO-66-NH: integrated with HPCM were prepared via an in situ approach and
evaluated as carriers for the antibacterial drug amoxicillin. The materials were comprehensively characterized to
assess their structural integrity, porosity, and drug loading capacity.

Drug release studies revealed sustained pH-responsive release (Figure la), with more intense release in
physiologically relevant media. Importantly, the composites demonstrated the ability to retain the drug under acidic
conditions, suggesting their potential suitability for environments where it is necessary to minimize early drug
loss. The antibacterial efficacy of composites containing amoxicillin was evaluated against Staphylococcus aureus
(CCM 4223, ATCC 29213, Figurelb). The tested systems showed significant antibacterial activity, confirming
that the drug retained its biological activity after incorporation into and release from the composite matrices. The
results highlight the synergistic potential of MOF—carbon composites as advanced drug delivery systems with
effective antibacterial activity [2,3].

Overall, the prepared composites show high potential as carriers for controlled antibiotic delivery and represent
promising materials for future biomedical applications.
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Open-cell metallic foams combine a unique set of structural and functional properties that make them highly
attractive as substrates for catalytic and photocatalytic applications. Their three-dimensional, interconnected strut
network provides a large accessible surface area while maintaining high permeability and low pressure drop. In
addition, metallic foams exhibit excellent thermal and electrical conductivity as well as mechanical robustness,
enabling operation under demanding reaction conditions.

Building on these intrinsic properties, the functional performance of metallic foams can be further tailored through
suitable coating technologies. By selecting appropriate deposition methods, both the chemical composition and
the structural characteristics of the foam can be adjusted in a controlled manner. Depending on the application,
coatings can be designed to form homogeneous layers across the entire strut network or to introduce graded
structures that locally modify surface area, activity or transport behaviour. In this way, the open-cell metallic foam
serves as a flexible scaffold whose properties can be specifically adapted to the requirements of catalytic and
photocatalytic processes.

Figure 1 SEM analysis of open-cell metallic foam: a) uncoated Nickel foam and b) coated foam.

For both catalysis and photocatalysis, the high accessible surface area of metallic foams represents a key enabling
factor, complementing their favourable transport, thermal and mechanical properties. In catalytic applications,
metallic foams can either act as the catalytically active material themselves or serve as structured catalyst supports
onto which active phases are deposited. This dual role allows the foam architecture to be exploited for different
catalytic concepts, ranging from fully functionalised catalytic bodies to coated supports with tailored activity.
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In photocatalytic systems, metallic foams primarily function as substrates for photoactive materials. Here, the
three-dimensional porous structure provides a mechanically stable backbone for immobilising light-responsive
coatings while maintaining permeability for flow-through operation. The integration of photoactive layers onto
open-cell foams offers opportunities to combine large reactive surface area with efficient mass transport and,
depending on the system, enhanced light accessibility.

The choice of coating method is therefore a critical design step. Suitable processes must ensure uniform coverage
of the three-dimensional foam structure while providing sufficient adhesion, mechanical integrity and long-term
stability under operating conditions. In some cases, additional post-deposition treatments, such as thermal
processing, may be required to stabilise the coating or to achieve the desired phase composition and functionality.

To demonstrate these concepts, two representative applications are presented: one example from heterogeneous
catalysis and one from photocatalysis. Together, they illustrate how metallic foams can be systematically
functionalised to meet application-specific requirements and how coating strategies govern the interplay between
structure, surface reactivity and transport in foam-based catalytic systems.
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The escalating challenges of environmental pollution necessitate multifunctional processes that synergistically
combine adsorption and catalytic activity for efficient air and water remediation. Advanced nanomaterials play a
central role in delivering high performance while maintaining sustainability. Over the last two decades, Metal-
Organic Frameworks (MOFs) have attracted significant attention due to their exceptionally high surface area,
tunable pore structure, and versatile chemical functionality, facts that establish them as prosperous candidates for
air and water purification. However, issues such as structural instability, especially upon exposure to humid
conditions, high synthesis costs, and limited regeneration efficiency continue to challenge their practical real-life
applications of MOFs [1].

Introduced during World War I, Chemical Warfare Agents (CWAs) remain among the most hazardous classes of
chemicals used as weapons, necessitating the development of advanced materials for their effective capture and
catalytic detoxification. Mustard gas or bis(2-chloroethyl) sulfide (HD), a blister agent, was the most widely
deployed CWA and hence is referred to as the “King of Battle Gases”. The main critical aspect upon exposure is
its ability to penetrate through regular textiles, causing skin burns, blindness, nervous system failure, and even
death [2]. Since, HD is highly toxic and banned for any use, 2-chloroethyl ethyl sulfide (CEES) was used for lab
purposes as a surrogate. In parallel, diclofenac (DICL) is regarded as a contaminant of significant concern in water
purification, as it is widely prescribed as an analgesic and anti-inflammatory drug and is among the most frequently
detected pharmaceuticals in wastewater treatment plant effluents [3].

In this work, we present the optimization of an established ultrasound-assisted green, water-based synthesis of
bimetallic Co/Zn zeolitic imidazolate framework (ZIF-678) nanoparticles. The influence of ultrasound-assisted
synthesis compared to conventional magnetic stirring was systematically evaluated to identify the most effective
synthesis strategy and to elucidate the impact of mechanochemical energy input on the physicochemical properties
of the resulting materials. Both monometallic and bimetallic ZIF powders were assessed against representative
organic contaminant simulants in aqueous and airborne environments, using diclofenac sodium (DICL) as a model
water pollutant and CEES as a simulant of airborne chemical threats. The ZIF powders exhibited high
multifunctional detoxification efficiency, integrating adsorption with catalytic degradation to effectively neutralize
CEES, with Co-Zn co-presence significantly enhancing catalytic activity. Notably, the bimetallic ZIF synthesized
with an equimolar Co:Zn ratio (1:1) displayed the highest overall performance, indicating an optimal synergistic
interaction between the two metal centers. In parallel, efficient removal of diclofenac (DICL) from water was
achieved, confirming the suitability of the materials for aqueous micropollutant remediation. Additionally, the
antibacterial activity of the ZIF powders was evaluated, revealing that Co incorporation substantially improved
the inactivation of E. coli cells, further highlighting the multifunctional character of the optimized bimetallic
system.
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The transition from powder-based photocatalysts to structured, porous systems is essential for overcoming the
recovery and mass transfer limitations of traditional water treatment processes. This study explores the use of
Direct Ink Writing (DIW) to fabricate ceramic-like inorganic polymer (IPs) scaffolds, providing a modular and
mechanically robust platform for supported photocatalysis [1]. By leveraging the geometric freedom of additive
manufacturing, we designed porous lattice structures optimized for flow-through applications and evaluated three
distinct catalyst integration strategies for the degradation of antibiotics (Ciprofloxacin, Sulfamethoxazole) and
complex mixtures of emerging pollutants.

Two independent catalyst integration strategies were investigated. In the first study, multi-walled carbon nanotube
(MWCNT) functionalization of the scaffold surface was followed by conformal TiO- deposition via Atomic Layer
Deposition (ALD), yielding a well-controlled photocatalytic interface. In a second, separate study, g-CsN4+ was
deposited onto the printed scaffolds by drop-casting to promote visible-light-driven activity [2]. In addition, a bulk
approach based on the direct incorporation of Nb2Os into the printable inorganic polymer ink was explored to
enable one-pot fabrication of photocatalytic active structures.

The results demonstrate the high chemical and mechanical resilience of the inorganic polymer matrix in aqueous
environments. While bulk incorporation offers manufacturing simplicity, the surface-localized engineering
strategies (ALD and drop-casting) significantly enhanced the accessibility of active sites and light utilization.
Notably, all fabricated scaffolds exhibited exceptional stability and consistent reusability across multiple cycles,
confirming the potential of 3D-printed inorganic polymers as a scalable technology for modular water treatment
applications.
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Figure 1 Schematic illustration of 3D-printing of IPs followed by MWCNTSs growth via thermal-CVD and
TiO2 deposition via ALD.
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Mesoporous metal phosphonates (PMPs) are a class of hybrid organic-inorganic materials made from the
interaction between metals oxide precursors and organophosphonic acids or esters. They provide the ability to
integrate both Lewis and brensted acidity together with porosity in the catalyst. Establishing controlled synthesis
approaches to make these materials mesoporous and with a controlled surface chemistry is however challenging.
Specific reaction conditions are needed to control the molecular interactions of phosphonic acid moieties to the
metal oxide units that determine surface chemistry and porosity to a large extent [1]. Bharadwaj et.al in 2022,
prepared tetraethyl propane 1,3-diylbis(phosphonate) (TEPD) capped TiO; nanoparticle solution via a sol method
[2]. By adapting the acid concentration, the TEPD (ester) hydrolysis degree and properties of the stable sol could
be regulated.

In this presentation we report the synthesis of a novel mesoporous titania - diphosphonates (PMP), derived from
these partially hydrolyzed TiO, diphosphonate sols, via a hydrothermal method using F127 as the structure
directing agent (Figure 1a). The obtained mesoporous materials exhibit surface areas of 484-510 m?/g , pore sizes
of 5.3-5.6 nm and pore volumes of 0.65-0.68 cm’/g (Figure 1b). The differences in synthesis approaches of these
mesoporous titanium diphosphonates resulted in altered material properties, which we characterized via advanced
surface analytical techniques like XPS and 3!P NMR to determine the coordination of the phosphorous to the titania
and surface acidity. Our aim was to examine whether we can adapt the difference in the acidity of the sols, arising
from the varying degree of hydrolysis of the diphosphonate ester, into the corresponding PMP. Although the sol
particles exhibited distinct differences in acidity, FT-IR and XPS characterization of the porous materials derived
from these sols revealed similar surface acidity.

To evaluate the impact of Bronsted and Lewis acidity of the sols and the corresponding porous Ti- diphosphonates,
both were evaluated catalytically for the conversion of cellobiose to 5S-HMF, a reaction requiring both Brensted
and Lewis acid sites. The study confirmed that the acidity differentiation present in the sols was not preserved
during the mesostructure formation and all the PMPs showed similar activity whereas the sols activity varied
depending on the acid equivalents used during synthesis. Nevertheless, the sol and PMP achieve conversions of
75% and 55%, respectively, which are comparable to literature benchmarks [3].Our study highlights the novel
synthesis of mesoporous bisphosphonate ester based TiO» and shows how its porosity and surface properties
complement with other hybrid materials like MOFs and its potential and first time use as heterogeneous acid
catalyst for 5-HMF synthesis.
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Metal-organic frameworks (MOFs) constitute a versatile group of crystalline porous materials formed by the
coordination of metal ions or metal clusters with multitopic organic ligands, giving rise to well-ordered three-
dimensional networks. Owing to their exceptionally high internal surface areas, adjustable pore structures, and
notable thermal and chemical robustness, MOFs have attracted considerable interest for applications in gas storage
and separation, heterogeneous catalysis, drug delivery, and chemical sensing [1]. In catalytic processes, MOFs are
particularly advantageous because their modular architectures enable deliberate modification of both metal nodes
and organic linkers, allowing precise control over the nature and distribution of active sites. Such tunability
facilitates enhanced catalytic activity and selectivity in reactions including oxidation, hydrogenation, and carbon—
carbon bond-forming condensations [2].

In the present work, two copper-based MOFs with distinct micro- and mesoporous features, designated HKUST-
1(A) and HKUST-1(B), were synthesized and evaluated with respect to their catalytic behavior. Both materials
were prepared via a solvothermal method using trimesic acid (H:BTC) and copper(Il) nitrate trihydrate
[Cu(NOs)2-3H-0] dissolved in N,N'-dimethylformamide (DMF). Hierarchical porosity was introduced by adding
cetyltrimethylammonium bromide (CTAB) and citric acid in varying concentrations as structure-directing agents.
Following sonication for 10 minutes, the reaction mixtures were heated at 75 °C for 24 hours. The resulting blue
crystalline products were recovered by filtration and thoroughly washed with DMF.

Template removal was achieved through a multistep post-synthetic treatment. Initially, the materials were exposed
to a 1 M ammonium nitrate solution in an ethanol-water mixture (1:2, v/v) at 60 °C for 24 hours. After decantation,
the solids were further washed with fresh ethanol-water (1:2, v/v) at ambient temperature for an additional 24
hours. Final activation was accomplished by Soxhlet extraction with methanol over a three-day period. Fourier-
transform infrared (FTIR) spectroscopy confirmed both the integrity of the MOF structures and the efficient
removal of the templating agents (Figure 1).

Textural properties were investigated using nitrogen adsorption—desorption measurements. HKUST-1(A)
displayed a hierarchical pore system combining microporous and mesoporous domains, whereas HKUST-1(B)
was dominated by mesoporosity. The Brunauer—Emmett—Teller (BET) specific surface areas were determined to
be 1534 m?-g* for HKUST-1(A) and 1709 m* g for HKUST-1(B), demonstrating the effectiveness of the
cooperative templating approach in generating mesostructured MOFs while preserving microporous framework
walls.
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Figure 1 FTIR spectra of the as-synthesized, surfactant-removed, and fully activated samples of (a)
HKUST-1(A) and (b) HKUST-1(B).

The catalytic performance of the activated MOFs was assessed using the Knoevenagel condensation between
benzaldehyde (PhCHO) and malononitrile as a model reaction. Key reaction parameters, including solvent type
(toluene, acetonitrile, and xylene), reaction temperature (60 °C, 80 °C, and 100 °C), and catalyst loading (25 mg
and 50 mg), were systematically optimized. The most favorable conditions were identified as toluene as the
solvent, a reaction temperature of 80 °C, and a catalyst amount of 50 mg.

Under optimized conditions, a series of benzaldehyde derivatives bearing electron-withdrawing substituents at the
ortho (2-F, 2-Cl, 2-Br, 2-NO2) and para (4-F, 4-Cl, 4-Br, 4-NO-) positions were examined. In all cases, HKUST-
1(B) demonstrated superior catalytic efficiency compared to HKUST-1(A). Among the ortho-substituted
substrates, 2-nitrobenzaldehyde achieved the highest conversion (96%), while 4-chlorobenzaldehyde afforded the
highest conversion (97%) within the para-substituted series. By comparison, HKUST-1(A) reached maximum
conversions of 84% for 2-fluorobenzaldehyde and 91% for 4-chlorobenzaldehyde.
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Figure 2 Comparison of the catalytic activities of (a) HKUST-1(A) and (b) HKUST-1(B) in the
Knoevenagel condensation of ortho- and para-substituted aromatic aldehydes.
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The global transition toward clean and sustainable energy has intensified interest in photocatalysis as a strategy
for both energy conversion and environmental remediation. Photocatalysis, a light-driven redox process enabling
water splitting, alcohol reforming, and degradation of organic pollutants, offers carbon-neutral fuel production and
pollutant removal under mild conditions [1,2]. However, conventional semiconductor photocatalysts are limited
by narrow light absorption, rapid charge recombination, and poor chemical stability [1,2]. These challenges have
stimulated growing attention toward metal-organic frameworks (MOFs) as a new class of photocatalysts that
combine structural tunability, well-defined porosity, and high stability [3—6]. Among them, Zr-based UiO
frameworks are particularly attractive due to their exceptional robustness, high surface area, and versatile post-
synthetic modifiability.

In this study, we examine how incorporation of nitrogen-containing linkers influences the photocatalytic behavior
of UiO-67. A series of mixed-linker UiO-67 materials was prepared using 2,2'-bipyridine (bpy) as a co-linker. The
prepared photocatalysts were investigated for photocatalytic hydrogen generation from an aqueous methanol
solution under UV-C irradiation (254 nm), enabling simultaneous hydrogen evolution and conversion of organics
in water. XRD confirms retention of the UiO-67 framework across the series, while FTIR, SEM, and zeta-potential
measurements reveal composition-dependent changes in surface chemistry, morphology, and interfacial charge.
Photocatalytic testing shows that bpy-containing samples exhibit enhanced hydrogen production relative to pristine
UiO-67. The observed trend indicates that the presence of N-containing linkers modifies the local
framework/surface environment in a manner that impacts the photocatalytic reaction pathway. These results
highlight mixed-linker engineering as an effective handle to tune UiO-type MOFs toward coupled hydrogen
generation and water purification.
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The A3-coupling reaction is a three-component condensation of an aldehyde, an amine, and a terminal alkyne that
affords propargylamines with high atom economy, generating water as the only by-product. Owing to its mild
reaction conditions, potential solvent-free operation, and compatibility with recyclable heterogeneous catalysts,
this transformation aligns well with the principles of green chemistry. Metal-organic frameworks (MOFs),
composed of metal nodes coordinated to organic linkers to form porous crystalline networks, have emerged as
promising catalysts for A3-coupling reactions due to their high surface areas, tunable pore structures, and structural
stability, enabling efficient and sustainable catalytic performance [1, 2].

In this study, three porous materials, HKUST-1, HKUST-1(A), and HKUST-1(B), were synthesized via a
solvothermal approach. While HKUST-1 is purely microporous, HKUST-1(A) and HKUST-1(B) exhibit
hierarchical micro-/mesoporosity. Infrared spectroscopy confirmed the successful formation and activation of the
frameworks, whereas nitrogen and argon adsorption—desorption analyses provided detailed insight into their
textural properties. The templated synthesis route led to a pronounced enlargement of pore dimensions compared
to parent HKUST-1 (BET surface area: 1787 m?-g’"), with pore diameters increasing from 0.9 to 8.5 nm (Figure
la and Figure 1b). Both HKUST-1(A) and HKUST-1(B) display combined micro- and mesoporous character, with
BET surface areas of 1687 and 1554 m?-g!, respectively (Figure 1c).
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Figure 1 Comparison of a) microporosity, b) mesoporosity, and c) nitrogen adsorption and desorption
isotherms of HKUST-1, HKUST-1(A) and HKUST-1(B).

The catalytic performance of the prepared materials was evaluated in the A3-coupling reaction involving an
aldehyde (paraformaldehyde or benzaldehyde), phenylacetylene, and an amine. In a typical experiment, 10 cm® of
toluene, an internal standard (200 pl), aldehyde (1.8 mmol), phenylacetylene (1.8 mmol), amine (1.8 mmol), and
50 mg of the catalyst were introduced into a reaction flask and heated to 120 °C. Upon completion, the catalyst
was separated by centrifugation, and the resulting products were analyzed by gas chromatography compared to
internal standard (1-bromonaphtalene).
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Besides the influence of catalyst pore size, the effect of aldehydes and amines was also investigated in this study.
Two aldehydes, paraformaldehyde and benzaldehyde, were employed, with paraformaldehyde exhibiting higher
catalytic activity as a result of its smaller molecular size. In the case of amines, both primary and secondary amines
were examined; however, primary amines (ethylenediamine, aniline) showed no catalytic activity, whereas
secondary amines exhibited good catalytic performance (showed bellow at Figure 2). As secondary amines as
diethylamine, piperidine, and pyrrolidine were selected. For all three catalysts, the highest catalytic activity was
observed for diethylamine; in the case of HKUST-1(B), the conversion of diethylamine reached 91 %, followed
by pyrrolidine (85 %), while piperidine exhibited the lowest activity (71 %), which can again be attributed to
differences in amine size. Investigation of the impact of catalyst pore size revealed that larger pore dimensions
positively influence catalytic activity, resulting in the highest conversion for the coupling of diethylamine,
paraformaldehyde, and phenylacetylene, where HKUST-1(B) achieved the highest conversion of 91 %, while
HKUST-1(A) and HKUST-1 reached conversions of 84 % and 51 %, respectively, demonstrating that the
efficiency of reactant and product transport to and from the catalytic sites is a key factor governing the overall
catalytic performance.
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Figure 2 Comparison of conversions for reactions of various substrates catalyzed by HKUST-1, HKUST-
1(A), and HKUST-1(B) in toluene at 120 °C.
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HKUST-1 (also known as MOF-199 or CuBTC) is a metal-organic framework, that was first synthesized by
Williams and co-workers in 1999 [1]. This material is well-known for its microporous structure containing Cu(II)
paddle-wheel cluster, trimesate H:BTC linkers and a large specific surface area. It is commonly used for CO,
capture, hydrogen storage, water purification and so on [2-4]. A wide variety of synthetic routes for HKUST-1
have been developed. The solvothermal method remains the standard and most widely used approach. However,
some methods are more energy-efficient, less time-consuming, and still deliver quality results. To illustrate, the
mechanochemical method minimizes solvent usage, while the sonochemical method reduces energy consumption
compared to its solvothermal counterpart.

In this study, the synthesis of HKUST-1 is carried out using different methods while maintaining the same reaction
mixture, reactants and the temperature settings. The purpose is to compare the obtained materials in terms of their
structural and textural properties and to evaluate their adsorption performance in the following experiments. In all
HKUST-1 syntheses, the same reaction mixture was used. Specifically, 0.444 g of H3BTC was dissolved in 13.333
mL of a 1:1 DMF/ethanol mixture and added to 6.667 mL of an aqueous solution of 0.924 g of copper (II) nitrate
trihydrate in a 30 mL glass vial. Depending on the type of synthesis, the resulting mixture in the vial was then
processed under different conditions.

Three different syntheses of HKUST-1 were carried out, namely solvothermal (ST), sonochemical (SC) and
microwave-assisted (MW) preparation and the methods yielded crystalline HKUST-1 materials. The solvothermal
route produced a higher amount of material. Although the solvothermal synthesis typically requires about 8 hours
and a temperature of 80°C, shortening the reaction time to 160 minutes resulted in a significantly lower yield
compared to the sonochemical method performed for the same duration. Notably, microwave-assisted synthesis
enabled the formation of comparable amounts of HKUST-1 within a substantially shorter reaction time,
highlighting its superior time efficiency (see Figure 1a).

Further extension of the sonochemical synthesis to 240 minutes resulted in a substantial increase in yield,
exceeding 80%, while still reducing the reaction time by half compared to the conventional 8-hour solvothermal
protocol. This highlights the strong potential of sonochemical activation for achieving both high efficiency and
significant process acceleration (see Figure 1b).
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Figure 1 a) Comparison of HKUST-1 microwave-assisted (MW), sonochemical (SC) and solvothermal (ST)
synthesis performance. b) Time-dependent evolution of HKUST-1 yield during sonochemical synthesis.

In the future work, the synthesized materials will be subjected to adsorption experiments to evaluate their
sorption performance toward selected organic adsorbates, with particular emphasis on toxic volatile organic
compounds (VOCs). Measurements will be carried out in a static system at 25 °C, with mass changes monitored
to determine adsorption capacity and adsorption kinetics.
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Mesoporous silica materials offer highly tunable pore architectures and large internal surface areas, making them
attractive platforms for controlled guest molecule delivery. In the presented study, two mesoporous silica platforms
were developed to demonstrate how different material architectures can address complementary delivery concepts
using apixaban (APX) as a model compound. Apixaban was selected as a representative small-molecule drug
compatible with mesoporous silica pore sizes and its limited aqueous solubility, which makes controlled release
from porous carriers particularly relevant. A non-magnetic mesoporous silica carrier enables controlled, diffusion-
driven release, while magnetic mesoporous core-shell nanoparticles enable externally guided delivery via magnetic
field application [1].

Mesoporous Silica Platforms for Controlled and Magnetically
Guided Delivery of Apixaban

Controlled Release Platform (SMS-60) Magnetically Guided Platform (Fe,0,@SiO,)

High surface area Superparamagnetic
at 300K ﬁ
g 3-4nm -
) QF Diffusion-Controlled X ‘ R %

Mesoporous silica
(2.5-5 nm) Magnetically Guided
Accumulation
Sustained drug delivery governed by the internal pore network. Precise spatial guidance toward a target via an external magnetic field

Pore architecture and magnetic functionality govern delivery behavior in mesoporous silica platforms.

Figure 1 Schematic overview of mesoporous silica platforms for apixaban (APX) delivery, illustrating
diffusion-controlled release from non-magnetic SMS-60 (left) and magnetically guided accumulation using
Fe;04@SiO: core—shell nanoparticles (right).

The first approach focuses on non-magnetic mesoporous silica (SMS-60) as a carrier for controlled release relevant
to oral administration. SMS-60 exhibited a high specific surface area of 680 m? g'! with a pore size distribution of
2.5-5 nm, enabling efficient APX loading via impregnation from methanol, reaching 170 mg.g!. After loading,
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the surface area decreased to 430 m?.g"! with a narrowed pore size around 2.5 nm, confirming incorporation of
APX within the mesoporous structure. Release studies performed in physiological solution at pH 7 and pH 2 over
72 h demonstrated sustained, diffusion-controlled release governed by the mesoporous pore network.

The second strategy employs magnetic core—shell nanoparticles composed of a superparamagnetic iron oxide core
and a mesoporous silica shell to achieve spatially controlled delivery under an external magnetic field. These
nanoparticles exhibited an average particle size of approximately 50 nm, a specific surface area of 480 m2.g™!, and
pore sizes in the 3—4 nm range suitable for APX incorporation. Magnetic measurements revealed blocking
temperatures below 300 K, confirming superparamagnetic behaviour at physiological temperature and suitability
for magnetic guidance. Together, these results demonstrate how mesoporous silica architectures can be rationally
designed to achieve either controlled release or magnetically guided delivery by tuning pore structure and magnetic
functionality, highlighting the versatility of porous materials for advanced functional and application-oriented
systems.
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Porous materials are currently being widely investigated in many scientific fields as potential solutions to major
global challenges, including energy storage, the replacement of fossil fuels, and the reduction of greenhouse gas
emissions. Among these materials, metal-organic frameworks (MOFs) represent one of the largest and most
important classes. Their potential arises from their crystalline architectures, composed of metal ions or metal-based
clusters coordinated to organic linkers, resulting in highly ordered porous networks. After synthesis, MOFs can be
further modified to enhance their adsorption capacity and other functional properties. One approach for improving
gas adsorption involves introducing a substance with strong gas-binding ability, such as polyethyleneimine (PEI)
onto the pore surfaces of MOFs. This polymer exhibits excellent CO- capture performance and can modify the
pore environment to increase surface polarity, which is beneficial for hydrogen adsorption [1].

In this study, we concentrated on a specific subclass of MOFs belonging to the MIL (Materials Institute Lavoisier)
family and their post-synthetic modification aimed at enhancing H> and CO: sorption capacities. Seven different
MIL-101 materials were synthesized and initially evaluated based on their adsorption properties. From this series,
MIL-101 containing chromium (III) in the metal clusters, MIL-101(Cr), exhibited the most favourable overall
sorption behaviour and was therefore selected for further investigation. This material was functionalized with PEI
of three different average monomeric units (800, 1300, and 2000) and loadings (25, 50, 75, and 100 wt%).

The pristine MIL-101(Cr) and all modified samples were characterized by infrared spectroscopy, powder X-ray
diffraction, nitrogen adsorption @77 K, hydrogen adsorption @77 K, and carbon dioxide adsorption @273 K (see
Figure 1). These measurements showed that, in all cases, post-synthetic modification did not lead to degradation
of the material, and that the amount of PEI in the final materials was directly proportional to both the number of
monomeric units and the concentration at which it was introduced into MIL-101(Cr). The sorption capacities for
both H> and CO: decreased with a higher number of PEI monomeric units and with increasing PEI loading.
However, although the raw sorption data may suggest a decrease in adsorption capacities with increasing PEI
loading and polymer chain length, this trend must be interpreted in relation to the accessible surface area and pore
volume obtained from nitrogen adsorption measurements. Incorporation of PEI into the pores leads to partial pore
filling, resulting in a reduction of the BET surface area and total pore volume. Therefore, the adsorption capacities
of CO: and Hz should be considered with respect to the available surface area of each material. After normalization
to surface area, an opposite trend is observed, in which increasing PEI loading and a higher number of monomeric
units lead to enhanced adsorption performance. The improved CO: uptake can be attributed to the increased
number of amine functional groups providing strong specific interactions with CO2 molecules, while the reduced
pore size caused by polymer incorporation strengthens confinement effects, which is beneficial for adsorption of
small gas molecules such as Hz. These results confirm that PEI functionalization enhances the intrinsic affinity of
MIL-101(Cr) toward both gases, despite the reduction in overall surface area. The highest sorption capacities for
both H2 and CO: were achieved by MIL-101(Cr) modified with 100% PEI-2000, reaching a capacity of 22.1 x
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102 cm?® m~2 for Hz, which is more than three times the adsorption capacity of the unmodified material. In the case
of CO: adsorption, a capacity of 17.87 x 102 cm® m2 was obtained, representing almost a 7.5-fold increase
compared with pristine MIL-101(Cr).

Post-synthetic functionalization of MIL-101(Cr) with polyethyleneimine successfully modified the pore
environment and introduced additional amine active sites. Despite a reduction in surface area due to partial pore
filling, PEI incorporation enhanced the intrinsic affinity of the material toward CO: and H.. These findings
demonstrate that PEI-functionalized MIL-101(Cr) is a promising material for gas capture and storage applications.

Ve Mpmerbet (=
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P

Figure 1 a) b) ¢) Hz and d) e) f) CO: adsorption isotherms of prepared MIL-101(Cr) PEI modified
materials.
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Access to clean water is a growing global challenge, with nearly one-third of the world's population lacking safe
drinking water. Climate change, pollution, and unsustainable water management practices are worsening the crisis,
making it crucial to develop efficient water purification technologies. This work addresses these challenges by
designing, synthesizing, and implementing advanced porous materials, particularly metal organic frameworks
(MOFs),[1] for scalable and energy-efficient water decontamination systems. By leveraging the exceptional
adsorption properties of MOFs through structural engineering by cation doping and /or defect incorporation, the
obtained materials showed an improved water decontamination process. We first apply a reaction-diffusion process
in a 1 D system to produce MOF crystals in a controlled manner.[2,3] This method occurs at room temperature by
diffusing the metal salt into an agar gel matrix containing the organic linker to form nanocrystals of MOFs with
tailored structural features that include crystal size distribution, surface area, and defect number. We show how
this process can be used to control the size, morphology, composition and defects in MOFs.[4] In addition to this
new process, we use modulated solvothermal synthesis to create defects in UiO-66 based MOF structures.[5] The
nature of defects, their density, and distribution in the UiO-66 structure were characterized through set of
spectroscopic and microscopic techniques and were proven to be very effective to tune the physical and chemical
properties of UiO-66 without altering the main building blocks of the MOF structure. Finally, we integrate the
defected crystals into electrospun membranes for enhanced performance and separation.[6] This novel type of
material engineering was further applied for catalysis and water remediation.
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Metal-organic frameworks (MOFs) represent a rapidly expanding class of crystalline porous materials constructed
from metal ions or metal clusters interconnected by multifunctional organic ligands. Owing to their exceptionally
high specific surface area, tunable pore architecture, structural diversity, and chemical tailorability, MOFs have
attracted considerable attention in a wide range of applications, including gas storage and separation, catalysis,
energy storage, drug delivery, and chemical sensing [1]. In recent years, particular emphasis has been placed on
the rational design of MOF materials for electrochemical sensing, where their porosity, abundance of active sites,
and capability for specific host—guest interactions can be exploited to enhance sensitivity and selectivity toward
target analytes [2].

This work focuses on the synthesis, post-synthetic modification, comprehensive characterization, and application
of a porphyrin-based MOF material, GaTCPP, as a functional platform for electrochemical sensing. The parent
framework, GaTCPP, is based on gallium(IIl) ions coordinated by the tetrakis(4-carboxyphenyl)porphyrin
(HeTCPP) linker, forming a three-dimensional microporous network. A microporous porphyrin-based metal—
organic framework, GaTCPP ({[Ga:(H.TCPP)(OH):]-5DMF-2H20},), was prepared via solvothermal synthesis
using gallium(III) nitrate (0.7 mmol) and tetrakis(4-carboxyphenyl)porphyrin (0.022 mmol) as building units,
following a previously reported method [3]. The synthesized GaTCPP was characterized by single-crystal X-ray
diffraction (SC-XRD) (Figure 1).

A)

Figure 1 A) Coordination environment of {{Ga:(H.TCPP)(OH):]-5SDMF-2H:0}n, molecules of solvents
were removed for better clarity. B) A view along the c-axis showing half of the space-fill model of porous
system. C) A view along the b-axis showing half of the space-fill model of porous system.
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Post-synthetic metalation of the porphyrin core with M(II) = Ni(II), Cu(II), Zn(II) and Co(II) ions was carried out
by immersing 200 mg of GaTCPP in 10 mL of dimethyl sulfoxide containing metal nitrate (M(NOs).) at a
concentration of 20 mg mL™'. The suspension was stirred at 90 °C for 72 h to facilitate coordination of metal ions
to the porphyrinic nitrogen atoms. Both synthesis steps proceeded with high yields, providing a stable, microporous
material suitable for further physicochemical characterization and electrochemical applications. The structural
integrity and successful post-synthetic modification of the GaTCPP framework were confirmed by a combination
of powder X-ray diffraction, infrared spectroscopy, and X-ray photoelectron spectroscopy (Figure 2). Microscopic
analyses revealed well-defined MOF crystallites with homogeneous distribution of M(II) within the framework.
Gas adsorption measurements demonstrated that the material retained its microporous character and high specific
surface area after metalation, confirming that the post-synthetic modification preserved the essential structural and
textural properties required for electrochemical applications.
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Figure 2 A) XPS survey of Ciprofloxacin, GaTCPP, GaTCPP(Ni) and GaTCPP(Ni) + Ciprofloxacin. B)
XPS survey of GaTCPP(AS), GaTCPP(Zn), GaTCPP(Cu) and GaTCPP(Co).

Electrochemical studies showed that ciprofloxacin oxidation proceeds via an irreversible, diffusion-controlled
process involving approximately three electrons. The enhanced sensing performance is attributed to specific
interactions between ciprofloxacin and the MOF framework, leading to a broad linear detection range, good
selectivity, and satisfactory stability, as well as reliable performance in real serum samples. These results highlight
the potential of post-synthetically modified porphyrin-based MOFs for practical electrochemical sensing
applications. The successful synthesis of the porphyrin-based metal-organic framework GaTCPP and its
subsequent post-synthetic modification with Ni(Il), Cu(Il), Zn(II), and Co(II) ions were demonstrated. Structural
and spectroscopic characterization confirmed the preservation of the MOF framework and the effective
incorporation of the metal ions into the porphyrin core. Preliminary electrochemical investigations performed with
the Ni-modified GaTCPP(Ni) material revealed very promising sensing performance, including enhanced
electrochemical response and favorable interaction with the target analyte. These results suggest a high potential
of post-synthetically metalated GaTCPP frameworks as functional electrochemical materials and indicate that
analogous modifications with Cu(Il), Zn(Il), and Co(Il) ions are likely to exhibit similarly advantageous
electrochemical properties, warranting further systematic investigation.
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Bulk REBa,Cu307-s (REBCO, RE = rare earth) single grain bulks produced by top-seeded melt growth process
can trap magnetic fields well beyond conventional permanent magnets and are therefore considered for compact
trapped-field magnet assemblies in rotating machines, bearings, and cryogenic magnet systems [1-2]. Field
homogeneity is a critical requirement in several of these applications and places constraints on the choice of the
rare-earth element, because the paramagnetic moment of RE ions can distort the trapped-field profile. In this
respect, EuBCO bulks are attractive candidates compared with strongly paramagnetic systems [3-4].

Despite steady progress in processing, the performance of EuBCO bulks remains limited by microstructural defects
formed during melt growth and subsequent oxygenation. Porosity is among the most consequential of these defects.
Pores reduce the effective superconducting cross-section, interrupt current percolation paths, and act as stress
concentrators that promote cracking during thermal cycling and oxygen uptake [5]. They also couple to other
microstructural features that control the macroscopic response, including the size and distribution of non-
superconducting Eu,BaCuOs (Eu211) particles and Ag inclusions, both of which influence flux pinning and
mechanical integrity.

The present work examines how porosity, alongside Eu211 and Ag features, correlates with the superconducting
properties of EuBCO bulks prepared either with engineered through-holes (Figure 1) or with controlled
Ba0,/BaCeOs3 additions (Figure 2). Introducing holes into the green body provides escape paths for gases released
during heating and can facilitate oxygen diffusion during the tetragonal to orthorhombic conversion. Adjusting the
melt chemistry by additives can modify phase formation and coarsening during growth. In EuBCO, BaO, additions
alter the Ba—O activity of the melt, while BaCeO3 (used as an alternative to CeO;) provides a Ce source that tends
to decorate RE211 particle surfaces and suppress Ostwald ripening, thereby refining pinning-active inclusions.
These processing levers change not only Eu211 and Ag populations but also the pore size distribution and volume
fraction, which in turn governs trapped field, levitation force, and magnetic critical current density.

Figure 1 Polished a/b surface of the sample with holes (A) and sample without holes (B) at the half of the
sample height.
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Figure 2 Polished a/c-sections of samples 1 — S observed under polarized light.
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The growing elderly population has increased the demand for advanced biomaterials in orthopedic and dental
treatments, thereby stimulating the development of innovative solutions. Materials such as metal-based composites
and modern alloys are being intensively studied due to their potential use in these clinical applications. These
materials must exhibit high mechanical strength, wear resistance, and fatigue durability. Furthermore, they must
actively support biological processes such as tissue repair, osseointegration, and integration with surrounding bone
tissue [1]. Achieving an optimal balance between mechanical performance and biological response remains a major
challenge, particularly in the case of long-term implants subjected to cyclic loading and corrosive physiological
environments. Titanium alloys, particularly Ti6Al4V, are widely used due to their strength, corrosion resistance
and biocompatibility. They account for over 50% of medical titanium application, compared to approximately 20-
30% for commercially pure titanium [2,3]. A promising strategy for achieving a balance of mechanical
performance, economic viability and biological safety is the development of biocompatible composites combining
Ti6Al4V with pure titanium.

In this study, titanium-based metal-metal composites were successfully produced via powder metallurgy. Pure
titanium was used as the matrix and Ti6Al4V particles were used as reinforcement. The effect of different particle
sizes (~45 pm and ~450 um) and weight fractions (20 wt.% and 40 wt.%) on the microstructure and properties
was investigated. The microstructural analysis revealed a non-uniform particle distribution with agglomeration,
particularly for larger particles (450 pm). The investigation revealed that an increase in reinforcement content was
found to promote porosity. The Ti6Al4V particles exhibited a lamellar structure with a hardness gradient, higher
in the cores and lower near the particle-matrix interface. The EDS analysis confirmed interdiffusion processes and
the formation of diffusion-type bonds, indicating effective particle-matrix bonding but also the presence of local
chemical and mechanical heterogeneities. Phase analysis confirmed that the composites have a biphasic nature,
consisting of a-titanium and B-titanium.
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The growing impact of CO, emissions on climate change has accelerated the development of efficient and
sustainable capture technologies, with biochar emerging as a particularly promising adsorbent. Produced via the
pyrolysis of biowaste, biochar offers highly tunable physicochemical properties through careful control of
feedstock selection and synthesis conditions [1].

In this work, we focus on the optimization of chitosan-derived biochar adsorbents through innovative synthesis
strategies aimed at enhancing CO» adsorption performance. A comprehensive suite of advanced characterization
techniques, including X-ray photoelectron spectroscopy, gas sorption isotherms, electron microscopy, and
operando thermogravimetric analysis coupled with infrared spectroscopy (TGA-IR), was employed to unravel the
relationships between synthesis, microstructure, and CO; adsorption mechanisms.

A systematic study was conducted to assess the influence of polymerization routes, drying protocols, heating
methods, and pyrolysis temperatures on the textural properties and adsorption behavior of the resulting biochars
[2—4]. In parallel, the feasibility of producing self-standing, 3D-printed biochar composites incorporating inorganic
polymers was explored [4] (Figure 1). The results demonstrate the strong potential of these materials for CO,
capture and separation, particularly in CO»/CH4 and CO»/N» mixtures, under both dry and humid conditions [2—
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Figure 1 Schematic representation of the methodologies used to produce porous adsorbents.

By developing both powder and monolithic N-doped biochar adsorbents with tailored microstructures, clear
correlations between porosity, surface chemistry, and CO; capture efficiency were established. These moisture-
tolerant materials operate predominantly via physisorption and can be produced sustainably without additional
activation or chemical modification, highlighting biochar as a highly attractive candidate for scalable CO, capture
applications.
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The continuous development and aging population are driving the ongoing increase in interest in engineering
materials that can be successfully applied in medicine. Particular attention should be paid to composite materials,
whose properties are determined by the phases consisting their structure [1]. Metal matrix composites (MMC) are
the most widely used as implant materials. One of the most important problems with these materials is the risk of
implant loosening caused by differences between the elastic modulus of human bone and the implant. With this in
mind, it appears that titanium and its alloys are a particularly promising candidate material for biomedical
applications [2]. Unfortunately, numerous studies have reported that vanadium and aluminium present in the
Ti6Al4V alloy may result in negative biological effects including the potential for a correlation with the
development of Alzheimer’s disease [3, 4]. Based on this information, a study was carried out to examine the
impact of adding biocompatible molybdenum on the properties of titanium matrix composites.

In this study, six composite variants were fabricated via powder metallurgy using commercially pure titanium (CP-
Ti) and Til6Mo reinforcement. The samples, designated 0TM to 50TM, contained increasing amounts of Til6Mo
powder in 10 wt.% increments, ranging from 0 to 50 wt.%. Samples were characterized using X-ray diffraction
(XRD), optical microscopy (OM), and scanning electron microscopy (SEM) equipped with EDXS for elemental
analysis.

X-ray diffraction analysis of the powder mixtures showed that higher molybdenum concentrations promoted the
B-Ti phase, evidenced by the increased intensity of its reflections at the expense of the a-Ti phase. Post-sintering
analysis revealed the emergence of an additional B-Ti phase not present in the initial powders. The shift in
diffraction peaks suggests that this newly formed phase possesses a lower lattice parameter than the primary 8
phase originating from the Til6Mo reinforcement, likely due to partial diffusion of Mo into the Ti matrix. Optical
microscopy observations of the sintered materials revealed in the 0TM sample a characteristic a-Ti microstructure.
A lamellar structure was observed in samples with a Ti-16Mo content of between 10-30%. This indicates the
presence of transition zones between the « and S phases of titanium. Stereological calculations reveals that the
addition of molybdenum, present in the reinforcing fraction, results in minimal porosity increase. SEM
observations confirmed the porosity of the composites, as previously observed through OM imaging. Using SEM-
EDS, elemental distribution maps were obtained. By comparing the distribution maps of titanium and
molybdenum, it was evident that diffusion had occurred between the matrix and the reinforcing particles.
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Bulk single-grain superconductors composed of GdABCO (GdBa.Cus07-5) belong to the group of high-temperature
REBCO superconductors, where RE represents a rare earth element or Y [1]. These superconductors become
superconductive at temperatures higher than those of liquid nitrogen. Because they have favourable
electromagnetic properties, such as a higher critical temperature, critical current density, and the ability to trap
large magnetic fields, they are a group of materials that can be used in advanced technology. GABCO-Ag is a better
superconductor and more stable mechanically than other REBCO systems. This is especially important for
practical uses. Due to these characteristics, GABCO-Ag bulk superconductors are being thoroughly studied for
application in flywheel energy storage devices, magnetic levitation systems, and the generation of strong
permanent magnetic fields [2].

Bulk GdBCO-Ag single-grain superconductors are usually prepared by growth from a molten mixture of
superconductor components. The Top-Seeded Melt Growth (TSMG) method is used to produce bulk single-grain
superconductors. The presence of finely dispersed secondary phases, specifically Gd:BaCuOs (Gd-211) particles,
plays an important role for flux pinning, which significantly increases the critical current density of the material.
A characteristic microstructural deficiency of bulk GdBCO single-grain superconductors is porosity, which
primarily results from the crystal growth process during melting. Pores are caused by the release of gases, typically
oxygen, during the peritectic process. Porosity significantly influences the superconducting and mechanical
properties of GdBCO-Ag materials. The existence of pores results in a reduction of the effective cross-section for
superconducting current flow, hence decreasing the critical current density [3]. By modifying growth conditions,
porosity can be partially reduced, leading to a more compact and mechanically stable microstructure [4].

This study examines the microstructure and superconducting characteristics of GdBCO-Ag single-grain
superconductors with varying heights, emphasising porosity. GABCO-Ag bulk superconductors were synthesised
using the TSMG technique in an air atmosphere. The nominal composition of all samples consisted of 1 mol
GdBaxCusO7-5 (Gd-123) + 1/2 mol Gd.BaCuOs (Gd-211) + 20 wt.% Ag.0 + 0.945 wt.% BaCeOs. GdBa;Cu30;
(Solvay, particle size 30pum), Gd:BaCuOs (CAN Superconductors, particle size 1-2 um), Ag,O (Chempur, 99%)
and BaCeO3 powder prepared in the laboratory Department of Material Physics (IEP SAS Kosice) were mixed in
appropriate amounts in a mixer for 30 min and then intensively milled for 15 min in a friction mill.

a)

Figure 1 a) Macrostructureof GdBCO bulk superconductors and b) microstructure with visible pore
region in the middle of the crystal.
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The addition of silver improves the mechanical properties of GABCO-Ag single grains and the addition of BaCeOs
provides an inhibitor of Gd-211 particle growth in this system. The powder mixtures with weights of 10 g, 15 g,
and 20 g were uniaxially compressed into cylindrical pellets with a diameter of 20 mm. GdBCO single grains were
epitaxially grown from a thin-film NdBCO seed on the surface of the compressed tablet (see Figure 1a).

GdBCO-Ag pellets were heated to a melting temperature of 1062°C at a rate of 100°C per hour, held there for one
hour, cooled to 1022°C at a rate of 100°C per hour, and then gradually cooled to 978°C at a rate of 0.4°C per hour.
After that, it was cooled to 900°C at a rate of 100°C per hour, and then it was finally cooled to room temperature
in a furnace. The GdABCO sample was cooled to liquid nitrogen temperature (77 K) in an external magnetic field
of 1.4 T in order to measure superconducting characteristics as a trapped magnetic field. A Hall probe positioned
0.5 mm above the sample surface detected the trapped magnetic field (see Figure 2).

8, =0S66T|
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Figure 2 Trapped magnetic field for: a) Gd10, b) Gd15, and ¢) Gd20 bulk GdABCO-Ag superconductors.

An optical microscope and a scanning electron microscope were used to conduct microstructural examination
along the crystallographic a/c plane (see Figure 1b). Image analysis was used to assess how the size and volume
fraction of pores varied with distance from the seed (see Figure 3a, 3b).
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Figure 3 Dependence of a) volume fractions and b) size of pores for GABCO-Ag with different weight of
bulks.

From the calculated values of critical current density for whole the sample, J.s, (Table 1), it can be seen that the
smaller sample, Gd10, exhibits a lower value of critical current density, J.;, compared to the samples with higher
weight, Gd15 and Gd20. In the sample Gd10 we observe a lot of solidified melt along the edges of the crystal,
which is related to the higher loss of melt from the sample into the substrate during crystal growth.

Table 1 Calculated values of critical current density for the whole sample, J.5, for GABCO-Ag with
different weight of bulks.

Sample Sample height Bunax Jes x 107 [A/em?]
[mm] [T] z=0,5 mm
Gdlo 5.12 0.388 1.19
Gdl5 7.6 0.566 1.54
Gd20 10.7 0.604 1.54
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Metal oxides like titania are applied in separation technology, such as in sorption and membrane processes [1].
The applicability of these metal oxide membranes are limited due to their hydrophilic nature and the limited
specific surface interactions, hampering affinity separation capabilities. To avoid these issues, metal oxides can be
modified with organic groups, introducing hydrophobicity and specific interactions from a wide diversity of
organic (functional) groups to their surface. These organic grafted metal oxides, provide unique properties in
applications. One such interesting surface modification involves using Grignard reagents to graft organic groups
on titania [2, 3] as schematically represented in Figure 1.

The organic groups are introduced to the surface of titania via reaction with Grignard reagents, make the resulting
material applicable in a wide range of solvents and allow regulating separation selectivity by altering solute and
solvent interaction with the surface, a property needed for organic solvent nanofiltration [1] as well as for anti-
fouling purposes [4]. However, the mechanism of the Grignard grafting remains elusive and complex, as there are
multiple processes ongoing including grafting of the organic group and a titania reduction process (evidenced by
a color change of titania in solution after addition of the Grignard reagent). The current work focusses on grafting
organic groups on titania using various Grignard reagents such as ethyl and octyl magnesium chlorides, phenyl
magnesium bromide and others in order to study the reduction behavior of titania during Grignard modification
and its correlation with the modification degree (using EPR, TGA-MS, IR, XPS and EELS measurements). In
specific, the influence of crystal phases on the modification process (using phase pure titania powders) is evaluated.

Chain length, amorphous fraction
Functionalization degree

OH OH
OH OH H Concentration, T
-
MgX
Chain length, amorphous fraction, T
Reduction

Figure 1 Schematic representation of Grignard surface grafting on titaniae [2].
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