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Abstract

:

Since the pioneering work of Vallet-Regí’s group on the design and synthesis of mesoporous silica-based materials with therapeutic applications, during the last 15 years, the potential use of mesoporous silica nanostructured materials as drug delivery vehicles has been extensively explored. The versatility of these materials allows the design of a wide variety of platforms that can incorporate numerous agents of interest (fluorophores, proteins, drugs, etc.) in a single scaffold. However, the use of these systems loaded with metallodrugs as cytotoxic agents against different diseases and with distinct therapeutic targets has been studied to a much lesser extent. This review will focus on the work carried out in this field, highlighting both the pioneering and recent contributions of Spanish groups that have synthesized a wide variety of systems based on titanium, tin, ruthenium, copper and silver complexes supported onto nanostructured silica. In addition, this article will also discuss the importance of the structural features of the systems for evaluating and modulating their therapeutic properties. Finally, the most interesting results obtained in the study of the potential therapeutic application of these metallodrug-functionalized silica-based materials against cancer and bacteria will be described, paying special attention to preclinical trials in vivo.
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1. Introduction


The continuous scientific evolution in the search for simpler and improved solutions in different fields of knowledge has meant that nanotechnology has played a very important role in recent decades. Already in 1959, the American physicist Richard Feynman mentioned in his speech “There’s Plenty of Room at the Bottom”, about the enormous possibilities of the use of unexplored nanotechnology and nanoscience. The term nanotechnology was assigned to the Japanese professor Norio Taniguchi in 1974 and refers to the design and/or manipulation of matter in the nanometer range (1 × 10−9 m).



The development of nanoscale materials (nanomaterials) has had a major impact on the fields of science and engineering in general, influencing new technologies and providing industrial and medical solutions. Nanomaterials can be of natural origin (proteins, some carbon materials, etc.) or artificial (metal nanoparticles, oxides, etc.), which are designed to have specific functions, such as increasing resistance, chemical reactivity, conductivity or improving biomedical treatments by acting as drug carriers.



In the field of nanomaterials for biological applications, liposomes are the most utilized nanostructured vehicles due to their double lipidic layer which permits the transport of diverse molecules of interest enclosed inside, coupled outside or even between both layers [1]. In fact, these types of nanoparticles were the first nanodrug approved by the FDA in 1995 under the name of Doxil®, for the treatment of Kaposi’s sarcoma, ovarian and breast cancer [2]. Since then, there have been dozens of combinations of liposomes and lipid nanoparticles, PEGylated and non-PEGylated, with an approved application for biological purposes [3]. For cancer therapy, the most recently FDA-approved nanodrugs were, in 2015, a PEGylated liposomal system with irinotecan, namely, Onivyde®, for the treatment of metastatic pancreatic cancer [4], in 2017, Vyxeos®, a formulation of cytarabine and daunorubicin for myeloid leukaemia application [5] and, most recently, in 2018, Onpattro®, the first combination of RNAi therapeutic delivery encapsulated in a lipid nanoparticle [6]. In this context, albumin particles also have some examples of approved FDA nanosystems such as Abraxane®, a delivery system of paclitaxel [7].



Currently, there are many inorganic materials that are the object of study for biological applications and specifically as drug-containing systems. For example, there are magnetic nanoparticles, approved for the treatment of brain tumors or also used as a contrast agent in nuclear magnetic resonance studies or iron-based colloids for the treatment of iron deficient anaemia [3]. Other metal nanoparticles have also been extensively studied in medicine, but they are still in the first stage of clinical trials. For anticancer purposes, gold [8] and platinum nanoparticles [9,10] are the most common in the literature, although there are not so many metal systems used against cancer with theragnostic applications [11]. Copper and silver nanoparticles are the most effective for antibacterial activity [12]. For bone regeneration and treatment applications, there is not a specific metal used but copper, silver, platinum or even cobalt have been studied [13,14,15].



Due to their versatility, one of the paramount inorganic materials are nanostructured silicas, which have a wide range of applicability from the manufacture of nanodevices, catalysis and photocatalysis to various biomedical applications. In this review, we will focus on various applications in the field of medicine, such as cancer, antibacterial activity and other biological studies.



Silica materials, in particular mesoporous silicas, have attracted the attention of the entire scientific community due to their exceptional physicochemical properties such as mechanical strength, chemical stability, biocompatibility and synthetic versatility. These nanomaterials are made up of a SiO2 matrix and are characterized by the presence of pores with a diameter between 2 and 50 nm. These unique characteristics provide silicas with two distinct domains: an outer and an inner surface in the pores, which offers multiple functionalization options. These exceptional properties led the Spanish group of María Vallet-Regí to develop the first drug delivery system based on a mesoporous silica (MCM-41) loaded with the anti-inflammatory drug ibuprofen [16]. This pioneering work opened a new field of biomedical applications for this type of inorganic material.




2. Metallodrugs as Biological Agents


The enunciation of coordination theory by Alfred Werner (Nobel Prize 1913) opened doors to new fields of research in inorganic chemistry. Peter Sadler’s research group, which started studying the role of metals in medicine through the design and chemical mechanism of action of therapeutic metal complexes, is considered one of the fathers of metals in medicine [17] together with Prof. Rosenberg, who discovered cisplatin anticancer behavior [18].



Medicinal organometallic chemistry is the discipline dealing with the interaction between metal-based therapeutics and biomolecular targets. The application of inorganic chemistry to medicine can provide complementary aspects to the biochemical and physiological mechanisms already known from organic chemistry, due to the specific properties offered by metal ions and their ability to interact and covalently bond to biomolecules.



The first metal complex applied in the medical field was cisplatin. Since then, numerous platinum complexes as well as other metal derivatives (Ru, Au, Ti, Sn, etc.) with various applications in this field have been added.



Table 1 shows some representative biological applications to which Spanish authors have contributed by designing complexes with different metal nuclei, as a potential improvement or alternative to conventional chemotherapeutic treatments.



Metal complexes have been and continue to be an attractive alternative to conventional therapies due to the possibility of modifying the metal, oxidation state, coordination number and ligands. The mode of action of these complexes is quite broad, ranging from directly attacking DNA (metalation), inducing cell death by apoptosis, increased generation of reactive oxygen species (ROS) or by activation and/or inhibition of enzymes and genes [27]. However, undesirable side effects, including nephrotoxicity, neurotoxicity and gastric disorders, strongly limit the dosage.



These important drawbacks, together with the low solubility of most metal complexes, make it imperative to find an alternative strategy for the administration of metallodrugs. A promising approach is encapsulation, or covalent functionalization, in biocompatible materials, designing controlled-release systems. Silica-based materials are the most promising inorganic systems as they have a high loading capacity, a much higher capacity for protection against degradation of the encapsulated substance than traditional systems and the targeted release that can be achieved upon a given stimulus [28].




3. Application of Metallodrugs in Silica-Based Materials


Silica materials are characterized by mesoporous cavities that accommodate and protect a wide variety of molecules, while on the surface they can be further functionalized with agents that improve their biodistribution, dispersibility, selectivity and specificity. Therapeutic agents can be adsorbed and/or covalently linked to both the interior walls of the mesopores or to the external surface of the particles. For this reason, mesoporous silicas are considered excellent candidates for clinical applications such as multifunctional nanoplatforms which may help in the design of nanodevices capable of performing therapy and diagnosis simultaneously (theranosis). Today, research into the synthesis, optimization and functionalization of silica nanoparticles is a very active field that has reported numerous ways of synthetic methods for the preparation of silica of different morphology, size or porosity. The control of the structural features of the nanostructured silica is, of course, crucial for the final application, and a rational use of the synthetic method is required for obtaining interesting systems for biological purposes. In this context, the most common procedures for obtaining mesoporous silica are the sol-gel methods used, e.g., for the synthesis of SBA-15, MSU-2, KIT-6, HMS and MSN silica systems. In addition, some other alternative synthesis routes, such as hydrothermal or solvethermal synthesis (for MCM-41, MCM-48 and FSP), ultrasound-assisted synthesis or procedures using microwaves, have also been employed and have been summarized in a recent review [29].



Thus, apart from the research on the optimization of novel synthetic procedures for obtaining silica with made-to-measure structural features, in the last fifteen years, systems based on mesoporous silica nanoparticles (MSN) have been studied as transport vehicles for metallodrugs, in order to avoid the disadvantages associated with the direct use of metal complexes in therapy. Due to the biocompatibility and nontoxicity of the starting silica, the therapeutic activity in these materials is provided, in general, by the metallic load of the system, either in the form of a metal complex or a metal nanoparticle. Therefore, the results of biological studies determining the cytotoxic activity in silica-based materials is expressed in terms of the IC50 of the whole material and as a function of the metal load of each system, so that the systems can be compared by the metal IC50 concentration.



There are a fair number of reviews describing the different methods of synthesis of nanostructured materials [30,31] and their application as drug or gene delivery systems [32,33,34] or in other biomedical applications [28,35,36]. However, in this context, only the highly cited review of our research group, published in 2016, describing the state of the art of nanostructured materials (liposomes, ceramics and carbon nanomaterials, etc.) as anticancer agents with metallodrugs mainly in cancer therapy has been focused on the combination of metallodrugs and nanosystems against cancer [37]. Thus, in the last few years, and to the best of our knowledge, the literature lacks a specific review revisiting the studies carried out during the last 5–6 years in the field of nanostructured silica materials functionalized with metallodrugs and their use in anticancer and antibacterial applications.



Therefore, in this review, our efforts are focused on summarizing the latest advances in metal- and metal complex-functionalized nanostructured porous silica, as well as in the silica systems encapsulating metallodrugs, presenting their anticancer and antibacterial potential, with special regards to the contribution of Spanish groups in this exciting field of research for the scientific community.



3.1. Anticancer Therapy


Cancer is defined as the process of uncontrolled growth and spread of cells causing an abnormal increase in the mass of the affected tissue, commonly known as a tumor. These cells have a great capacity for proliferation, being able to invade other tissues (metastasis). In addition, cancer cells can lose differentiation being, therefore, capable of surviving in atypical environments. According to the data of the World Health Organization (WHO), cancer is the second highest cause of death worldwide, with 18.1 million incident cases in 2018 and with an estimated growth of new cases of more than 63% in 2040. Even in a pandemic context, as in 2020, cancer (602,350 deaths) was still the second highest cause of death in the United States behind cardiovascular diseases (696,962 deaths) and ahead of COVID-19 (350,831) [38].



Cancer can start to develop almost anywhere in the body, but the most diagnosed cancer types are lung, breast and colorectal (Figure 1).



There are different treatments with the choice depending on the type of cancer and the progression of the tumor. Chemotherapy is the most widely used treatment and is based on the use of drugs to destroy and stop cancer. Some of the most used drugs for chemotherapy treatment are cyclofosfamide (Cytoxan®), daunorubicin (Cerubidine®, Daunoxome®), doxorubicin (Adriamycin®, Doxil®) or paclitaxel (Taxol®). However, since the fortuitous discovery of the cellular inhibition capacity of the compound cisplatin by Rosenberg in 1964 [18], the door was opened for the study of metal complexes against cancer. Cisplatin, commercially called Platinol®, was the first metal complex used to treat different types of sarcomas and carcinomas. The search for platinum compounds that had cytotoxic activity was expanded, leading to other systems that have been approved and are commercially available such as carboplatin (Paraplatin®) or oxaliplatin (Eloxatin®).



However, the use and study of metallodrugs in the field of cancer therapy has not stopped here. There are many alternative metals which have anticancer therapy potential such as titanium, tin, ruthenium, gold and gallium, among others [39].



3.1.1. Platinum Compounds


The mechanism of action of cisplatin is one of the most studied in the field of metallodrugs as it is the first metal compound used in chemotherapy; even so, the cellular uptake mechanism and the apoptosis induction in cancer cells are still not clear. Some studies reported that cisplatin enters inside cells by passive diffusion and others show evidence of cisplatin uptake due to protein interactions (copper-transporting proteins), to enter inside the cells. It is well known that the primary target of platinum compounds is DNA, forming Pt-DNA adducts and, as a result of that, generating DNA damage and G2 arrest. Pt forms normally, covalent bonds with the N7 of two guanines which have a better thermodynamic stability than adenines (Figure 2). This DNA distortion generates changes in the high-mobility groups (HMG) in charge of the protein repair transcription factors and other DNA pathways. Specifically, HMGB1 is directly connected with the p53 protein (tumor suppressor protein). On the other hand, cisplatin can induce the accumulation of other apoptosis suppressors, the p73 protein and the activation of p38, which has an important role in the response to stress stimuli. However, although DNA is the major target of Pt-based compounds, only less than 10% is able to reach this macromolecule.



Platinum compounds have high affinity for sulfur atoms, therefore interacting with biomolecules such as cysteine and methionine, and generating a strong Pt–S interaction. This process causes competing reactions and the amount of drug that reaches the target area is, therefore, very low, also causing Pt–protein interactions that may damage the kidney. Although a Pt release sometimes occurs that interacts with the sulfurs to the DNA guanines, the control of the activity in the S-donor molecules is very important. In the treatment with Pt-based drugs, protective agents containing S-donors are used in order to decrease the secondary reactions. Some cisplatin analogues have shown some differences in their activity and mechanism of action, showing some advantages. Oxaliplatin, for example, presents a good anticancer activity although it has less cytotoxicity because oxaliplatin is not recognized by some repair proteins of DNA and it generates immunogenic cell death [40]. However, carboplatin requires higher doses than cisplatin and generates resistance in spite of it being less toxic than oxaliplatin. Thus, there are several binding parameters and interaction behavioral aspects that make this kind of compound still very intriguing.



Despite the expectations generated by cisplatin analogues, Pt compounds present some drawbacks, such as side effects (nephrotoxicity and neurotoxicity), as well as the resistance generated after their successive administrations limiting their application. As a result of that, clinical treatment with platinum compounds is usually administered as a combination of several drugs or in combined therapies. For example, very recently, the FDA approved in the USA the use of a novel drug, namely, lurbinectedin (Zepzelca®), for the treatment of metastatic microcytic lung cancer after a Pt-based treatment [41]. The use of nanovectors as vehicles of Pt compounds transport improves these disadvantages. In this context, there are a lot of vehicles used in the transport of cisplatin and its derivates such as polymeric micelles or dendrimers [32], but the inorganic nanoparticles are gaining importance due to the extensive work that is being carried out to understand their behavior in biological systems. Specifically, mesoporous silica nanoparticles have been considered a very promising option for the encapsulation and subsequent delivery of cisplatin and its analogues. MCM-41 mesoporous silica was the first silica-based nanoparticle used in the adsorption of an FDA-approved Pt compound (carboplatin) in aqueous suspensions [42]. The system showed that the amount of the platinum drug incorporated into the MCM-41 was only 1.8%, a low quantity compared to other drugs loaded in the same silica. This study exhibited the importance of the solvent in the adsorption process because the use of less-polar solvents seems to allow more drug adsorption on silica. Subsequently, Z. Thao et al. went further and studied different systems based on MCM-41 and SBA-15 loaded with cisplatin or its trans isomer, transplatin. These materials showed different adsorption behavior and therapeutic effects against leukaemia, obtaining better results in cell viability than Pt compounds and doxorubicin alone after 24 h of incubation [43]. In addition, T. López et al. loaded a cisplatin derivative on small mesoporous silica nanoparticles for studying the catalytic degradation of DNA, observing a tumor suppression attributed to high DNA damage caused by this type of system [44].



Another approach to transport Pt derivates into silica materials is an immobilization of a Pt prodrug in the silica via surface modification. For example, the incorporation of carboxylic groups on the surface allows to create a pH-responsive material that, in acidic conditions or in high concentrations of Cl-, produces a Pt-compound release, conjugated through the ligand with carboxyl groups [45,46]. The use of these silica systems allows a combination of different drugs in the same platform in order to analyze their synergistic effects, to improve the cytotoxicity and try to reduce the dose of each drug to a minimum. H. Li and co-workers studied the combination of cisplatin and doxorubicin in modified MSN with a pH-responsive shell for co-delivery systems under an acidic environment [47], and W. Zhang et al. studied the conjugation of cisplatin and a photosensitizer (chlorin e6) for the combination of chemotherapy and phototherapy at the same time. The cytotoxic activity in these silica platforms was 47 times more active than cisplatin and, after a light irradiation, the reactive oxygen species (ROS) increased exponentially [48].



Some recent studies in the field of platinum(IV) compounds were focused on the conjugation with SBA-15. The systems showed a high antiproliferative and cytotoxic capacity against different breast cancer lines, with values between 240 and 100 times more active than the free platinum complexes [49,50]. Thanks to their enhanced permeability and retention (EPR) capacity, the systems can accumulate in the tumor zone, producing autophagy and an increasing generated reactive oxygen species (ROS) and nitric oxide (NO), demonstrating great efficacy against breast cancer, even in mouse models (Figure 3) [50].



The main Spanish contribution in the field of platinum derivatives loaded onto silica-based materials has been carried out, mainly, by I. del Hierro and co-workers [51] and P. Díez and co-workers [52]. The first work was supported on the covalent functionalization of a triazole ligand in a silica system that, subsequently, incorporated cisplatin to study its interaction with guanosine and albumin through electrochemical techniques, providing valuable information on the hydrolysis processes of the complex as well as analyzing the release profile in simulated biological media, observing a high stability of the silica-Pt materials. On the other hand, the work of P. Díez et al. was based on the design of nanomotors based on Janus-type silica functionalized materials with a polymer sensitive to RedOx reactions as a gate for doxorubicin release together with platinum nanodendrites with a “propulsion” capability for efficient load movement and transport and release (Figure 4).



Despite the protection that silica materials offer to platinum compounds, they still have drawbacks and the investigation in this field is still very active with the general aim of trying to reduce them.




3.1.2. Titanium Compounds


A few years after the discovery of cisplatin, titanium(IV) compounds were also found to possess antitumor capacity with fewer side effects. Specifically, the studies of Köpf and Köpf-Maier showed that titanocene derivatives have an anticancer activity against different cell lines, inhibiting tumor growth considerably [53]. Due to the structure similarity with cisplatin, titanocene dichloride, TiCp2Cl2 (Cp = η5 − C5H5), is one of the most widely used titanium compounds tested in cancer studies together with bis[(p-methoxybenzyl)cyclopentadienyl]titanium(IV) dichloride (Titanocene Y) [54]. However, although these two systems are the most studied, there are many titanocene compounds with a variety of substituents which have shown a remarkable antitumor activity [55].



Even though DNA seems to be the major target, the mechanism of action is different than in the case of platinum complexes as titanocene(IV) compounds have the capacity to form DNA adducts, inducing cell cycle arrest, principally in the late S/G2 phase (although in the ovarian cancer A2780 cell line, titanocene dichloride is able to induce apoptosis in all phases). The study of the formation of Ti-DNA adducts was investigated by high-resolution mass spectrometry, finding that the preferred target for titanium(IV) compounds appears to be the oxygen of the phosphate groups of the oligonucleotides, with special interest being dedicated to thymidine (Figure 5). In all cases, the interaction with the nucleotides is pH-dependent [56].



In this context, although the mechanism of action of titanocene derivatives is still very intriguing and still developing, significant advances in understanding the role of both the ligands and the titanium center in the anticancer action via some important stu −ies involving titanocene derivatives are worthy of mention. Thus, Koubkova and co-workers evaluated the cytotoxic activity in three titanocene difluorides, observing that the mechanism of cell death induction was via autophagy and the endoplasmic reticulum stress pathway [57]. In addition, it is also well known that Ti(IV) compounds have a strong affinity for transferrin, serving this protein as a Ti transport to the interior of the cell [58,59], avoiding the appearance of insoluble TiO2, which decreases their cytotoxic nature [60]. Titanocene complexes also seem to be very effective against antiapoptotic genes, such as the bcl-2 and p53 family, preventing cell proliferation and having excellent antiproliferative effects in platinum-resistant cell lines [61].



In many cases, the cytotoxicity of titanium compounds is complemented by the action of another organometallic cytotoxic system or another drug of interest, with the aim of determining if potential synergistic actions between the different drugs are possible. Thus, bimetallic compounds containing titanocene and gold compounds such as Auranofin are the most common combinations [62,63]. Titanium(IV) complexes have also been studied with other cancer drugs such as chlorambucil-like drugs in order to improve the activity against different cancer cells [64].



Although the first Ti(IV) compound investigated in a clinical trial, budotitane, did not pass phase I due to the nephrotoxicity generated [65], a wide variety of titanocene complexes have been investigated in preclinical and clinical trials with promising results because of the lack of myelosuppression [66]. Despite this, after some phase II studies with some optimal titanocene-based systems, these compounds have not been developed further due, mainly, to their low solubility and their limited cytotoxic activity compared to platinum derivatives. The encapsulation of this class of compounds can improve the cytotoxic potency if systems are designed to stabilize the cytotoxic center during the transport to cells.



Most of the studies dealing with the functionalization of titanocene complexes onto silica-based mesoporous materials has been carried out by Spanish researchers, in collaboration with other groups. The pioneering work in this field was published by our group [67] and was focused on the preparation of two simple titanocene complexes, which were grafted into the silica materials MCM-41 (prepared with an hydrothermal crystallization) and SBA-15 (sol-gel method). The activity in these materials was evaluated in terms of Q50 (numbers of particles to inhibit the cell growth by 50%) and M50 (quantity of material to inhibit the cell growth by 50%). We also studied the influence that the quantity of Ti in the silica material has on the cytotoxic activity in the systems. The results showed that, with the grafting reactions, the quantity of Ti that can be incorporated is around 2% and, when raising the quantity of titanium, the cytotoxic activity in the systems against cancer cells increases [68]. In addition, subsequent work of our team evaluated the influence of different starting materials such as hydroxyapatite, alumina and two silica materials MSU-2 and HMS on the incorporation of titanocene derivates and their influence on the cytotoxic activity against a wide variety of cancer cell lines, showing that particle size has a crucial influence on the anticancer potential of the silica-based materials [69].



More recent studies of our team, in collaboration with Fischer-Fodor’s research group, have shown that a series of twenty titanocene complexes more active than the Titanocene-Y were more cytotoxic against cancer cells when they were functionalized in a nanostructured silica KIT-6. The study showed that, in all the synthesized materials, the percentage of Ti functionalized was low, maybe due to the weak acidity of the surface OH groups, although the biological study showed that the internalization of titanium inside the cancer cell is up to 45 times higher when using the KIT-6 support than when using the free metallocene complex [70].



Alternatives for the functionalization of silica-based materials with Ti complexes were used, namely, the incorporation of S-containing or OH-containing linkers grafted into silica materials. Thus, some studies of our team showed that the presence of 3-mercaptopropyltriethoxisilane grafted in MCM-41 permitted a higher percentage of functionalized Ti, further showing better antitumor activities in DNA-binding studies and in cell growth inhibition by TNFR1 modulation, than silica materials with the titanocene directly bound to the silica through the Si-OH groups (Si-O-Ti bonds) [71,72]. This strategy was also carried out using the linker 3-[bis(2-hydroxyethyl)amino]propyltriethoxysilane with TiCp2Cl2 and [Ti(η5-C5H5)(η5-C5H4CHPhNf)Cl2] (Nf = 2-naphthyl), observing a slow release of the metallodrugs and a trigger for apoptosis modulated by the TNF-α factor [73] (Figure 6).



Recently, a study of our team [74], showed that the covalent incorporation of TiCp2Cl2 through an organic ligand with a thiol group (Figure 7) leads to an outstanding cytotoxic activity against the ovarian cancer line A2780, with IC50 values between 0.5–0.8 μg/mL, being, to date, the best results published for titanium-based compounds supported on nanoparticles. An extensive characterization of this nanosystem showed that the release of the metal complex is not required for such a high therapeutic activity.




3.1.3. Tin Compounds


The investigation into the antiproliferative activity in other metal complexes as alternatives to platinum compounds, conducted in 1980, reported the antitumor activity in a series of diorganotin(IV) complexes [75]. Tin compounds, with a general formula RnSnX4−n, have shown the ability to induce apoptosis in a multitude of cancer cell lines. Organotin compounds are a good option as a substitute for cisplatin because they have many advantages, such as a better selectivity and water solubility, less toxicity and less adverse effects in low doses compared with platinum metallodrugs. In addition, the major improvement in organotin compounds in therapy is that cancer cells do not generate resistance against this type of system, unlike platinum compounds. This is because organotin(IV) compounds do not seem to be substrates of P-glycoprotein and, due to this, do not generate multidrug resistance (MDR) [20]. Organotin(IV) moieties have an affinity for binding with the phosphodiester backbone of DNA, thus causing damage to cells through the p53 apoptosis pathway [76]. Nevertheless, there are also studies that show that organotin compounds bind to the thiol groups of proteins, which help in improving their transport, biodistribution and enhance the antiproliferative effect [77]. Despite this, the biological activity in organotin metallodrugs is highly dependent on the type and number of ligands binding to the tin center, observing a decrease in the bioactivity as follows: R3SnX > R2SnX2 > RSnX3, highlighting with a better antitumor activity, the carboxylate derivatives and triphenyltin(IV) compounds, due to their better lipid solubility and less toxicity [20,78,79,80].



In this context, M. Vafaee and co-workers synthesized, in 2012, the first silica-based systems for the release of a nonsoluble tin(IV) coordination complex [81]. The study was carried out using MCM-41, MCM-48 and SBA-15 as supporting systems, which were modified with pyridine. The materials showed different behavior in the tin release depending on the pH, showing that at an acidic pH (similar to the stomach’s pH), completed the release of the metallodrug. Since then, other organotin complexes loaded in silicas with different morphologies and porosity have been studied. Thus, the groups of Kaluđerović and Gómez-Ruiz used SBA-15 with Ph3Sn(CH2)3OH, exhibiting that the silica system loaded with the tin compound needed a concentration more than three times lower to cause the same therapeutic effect compared with that of the tin compound [82]. Subsequently, Kaluđerović’s group continued studying further this system against the A375 cell line by analyzing the internalization of nanoparticles in the cells, which seems to take place mainly through macropinocytosis, and also observing the loss of the stem characteristics of the tumor cells [83]. A similar material but using SBA-15 functionalized with (3-aminopropyl)triethoxysilane as a linking system was evaluated and compared with the material in which the organotin compound was loaded by reaction with CPTS or by physical adsorption. It was observed that the functionalization with the SBA-15 is crucial in the biological activity, seeing that both systems induced apoptosis in the B16 cell line but also autophagy in the case of the amino linker and cellular differentiation in the case of the CPTS linker [84]. A more specific study was carried out using SBA-15 functionalized with the ligand CPTS and binding the organotin(IV) compound Ph3Sn(CH2)6OH, showing an in vivo induction of cell differentiation and a tumor growth suppression through triggering JNK-independent apoptosis in mice with B16 melanoma tumor [85].



The Spanish contribution in this kind of system is not only limited to the collaboration of our group with the group of Prof. Kaluđerović but also to the development of other systems with interesting cytotoxic properties which have been explored in vitro and in vivo with attractive results. For example, one of the first studies was focused on an SBA-15 material that was loaded first with 3-[bis(2-hydroxyethyl)amino]propyltriethoxysilane and subsequently reacted with SnPh2Cl2 in the presence of a base [73], observing the different apoptosis pathway in comparison with the titanium complexes functionalized in the same silica system (Figure 7). Even though the tin(IV) complex was bound through an aminodiol ligand, a non-negligible release (around 10%) was found in the simulated body fluid. In addition, our research team recently studied the effect of the carbon chain on covalently functionalized tin complexes in SBA-15 [86]. In vitro studies against A375 cells and B16 melanoma cells determined that all functionalized novel systems were more active than the free tin compounds in terms of tin doses, with no significant difference between the number of carbons in the chain. In vivo studies in a mouse model of melanoma showed that the material functionalized with the tetraorganotin derivative significantly decreased the tumor volume.



Our research group, in collaboration with Prof. Hrstka, continued studying a multitude of silica-based systems incorporating organotin(IV) derivatives and synthesizing more specific nanodrugs. For example, mesoporous silica nanoparticles (MSN) of around 90 nm were functionalized with the polyamino ligand N1-(3-trimethoxysilylpropyl)diethylenetriamine to attach folic acid (FA) and, subsequently, with the “SnPh2” moiety through the epoxy opening reaction in a basic medium. The presence of FA helped nanoparticle accumulation in cancer cells and this induced an enhanced apoptosis and ROS generation in cancer cells [87].



Furthermore, our group, in collaboration with Fischer-Fodor’s team, developed a more specific study using functionalized MSN and MSU-2 with a triphenyltin(IV) derivative and different percentages of FA to analyze the interaction with FOLR1 receptors [88]. After an extensive characterization, it was observed that the biological action of these systems is due to their action as nonclassical drug delivery systems (the action of the entire system itself and not to the release of soluble tin-containing species), thus giving a new way of thinking about nanocarriers, where one is able to control the functionalization of both the desired metallodrug and additional molecules of biological interest. In this context, and to improve the transport processes of these materials to cells, an in vitro study was carried out using transferrin as a formulation protein and the systems were tested against the ovarian cancer cell line A2780, showing that the functionalization with transferrin protein at only 1% by mass gave the materials a higher selectivity and accumulation in the target area, showing a high cytotoxic activity of up to more than 50 times compared to the commercial drug cisplatin. In addition, the systems had capacity for modulating and downregulating the growth and transcription factors [74].



To go one step further in this field, our group, in collaboration with Prof. Patra, performed a genotoxicity study of organotin(IV) functionalized mesoporous silica nanoparticles in a chick embryo model (Figure 8), proving a high antiangiogenic capacity of the systems as well as an increase in reactive oxygen species as a plausible mechanism for the enhanced cytotoxic activity in this type of nanosystem [89].



Of special relevance are the recent studies of our team, in collaboration with Filice’s research team, focusing on the in vivo test of organotin(IV)-functionalized silica-based materials [90,91]. In one of these studies, three different nanostructured silica systems were prepared (Figure 9), namely, a triphenyltin(IV) bound to an S-containing linker and grafted onto MSN, the same system also incorporating folic acid and a sophisticated system with folic acid and the organotin derivate incorporated either by grafting or through an enzyme-responsive peptide in order to facilitate the tin release. Furthermore, a fluorophore (Alexa Fluor 647) was incorporated to the final materials to show their potential activity in vivo against triple negative breast cancer MDA-MB-231. The materials had a good activity in studies of MTT cell viability, migration and suppression of the tumor volume. The combination of the covalently bound metallodrug and the specific release with the enzyme-responsive peptide showed that this novel nanosystem is a promising multitherapeutic material with a realistic potential to be studied in clinical trials in the future after studying some additional pharmacological parameters [90].



A more recent study focused on the evaluation of the therapeutic action against triple negative breast cancer of fibrous silica nanoparticles (FSP) synthesized by a hydrothermal method and postfunctionalized with a cocktail of drugs, namely, an organotin(IV) compound and the FDA-approved drug chlorambucil. The results showed a relevant in vitro cytotoxicity and antiproliferative activity (wound healing) in MDA-MB-231 cells, demonstrating that FSP materials functionalized with both drugs have a great therapeutic capacity which is also accompanied by a substantial mitigation of cell migration in a synergistic manner. The subsequent in vivo studies in a triple negative breast cancer mice model showed, thanks to the theranostic capacity of the system due to the incorporation of the Alexa Fluor agent, a selective bioaccumulation in the tumor area was observed by imaging techniques and the system promoted a substantial reduction in tumor volume after 13 days of treatment and a significant antiangiogenic effect in the tumoral area (Figure 10). In addition, the treatment with these materials seemed not to be aggressive, as all the biochemical parameters remained stable compared with the control mice [91]. In addition, the systems showed an antiangiogenic effect, decreasing the blood vascularization and the blood flux after treatment (Figure 10C).




3.1.4. Other Metals in Cancer


There is a wide range of metals besides platinum, titanium and tin that have shown a high potential in the field of biomedicine and, specifically, in cancer therapy [92]. One of the most important metals is ruthenium. Concretely, Ru(III) complexes have good properties in the pharmacological field as their mechanism of action in cell death is very different from that of platinum complexes, principally due to the octahedral structure of the ruthenium center. This octahedral arrangement gives great advantages compared with platinum since it offers the possibility of two more binding sites. Ruthenium also mimics iron metabolism and transport by binding to the transferrin protein, increasing its accumulation in tumor cells [93]. The first Ru compound to enter the clinical phase was NAMI-A which demonstrated a great antimetastatic capacity regardless of the type of tumor and reached phase II in combination treatments with gemcitabine. Two more ruthenium complexes, KP1019 and BOLD-100, have also been quite promising, reaching phase I clinical trials [94]. In this context, the use of silica-based materials as nanocarriers of different ruthenium complexes has clearly increased during recent years. Citing some of the most recent reports in the field, one must mention the excellent work of Sun and co-workers, who designed a nano-Fenton reactor loaded with a commercial Ru complex and L-ascorbyl palmitate, that demonstrated a good in vitro and in vivo activity against gastric carcinoma [95]. Another interesting study was conducted by M. Mladenović et al., who designed pH-responsive hydrazone functionalized silica-based systems that were treated with a ruthenium metal complex, releasing only the metal-containing cytotoxic fragment in the tumor environment [96].



Regarding the contribution of Spanish researchers, three reports on silica materials loaded with ruthenium complexes have been published in recent years. The work of S. Rojas et al. was based on the encapsulation of two ruthenium complexes in a silica prepared by a hydrothermal method (MCM-41) and another silica prepared by a sol-gel method (SBA-15), demonstrating an excellent activity against the leukaemia cells HL-60 and observing that the mechanism of cytotoxicity associated with the metal compounds could be caused by the interaction with the cysteine of biomolecules [97] (Figure 11). Subsequently, our group, in collaboration with Dr. Gasser’s research team, performed a comparative work on the functionalization of a ruthenium polypyridyl complex on MSN by both physisorption and two types of covalent anchoring, showing preliminary results of their promising phototherapeutic activity [98]. This was followed on with the preparation of two Ru(II) polypyridine complexes covalently bound to silica functionalized with folic acid as the targeting fragment. The systems produced high amounts of singlet oxygen upon light irradiation and, therefore, an interesting photoactivity against cancer cells [99]. In addition, Martínez-Carmona et al. published an interesting article on an octahedral ruthenium complex loaded on MSN-type nanoparticles (Figure 11), studying its anticancer capacity against glioblastoma and ovarian cancer. The work showed the different activity in the systems in terms of the pH-dependent release, cell viability, internalization and cell cycle analysis, demonstrating the importance of nanoformulation design and application conditions in therapy [100].



Another metal with high anticancer potential is gallium and it is currently making inroads among alternative metallodrugs to platinum derivatives. Gallium is interesting as it has properties and biochemical pathways similar to those of the Fe3+ ions. Gallium is very stable in the +3 oxidation state and is redox stable in physiologic conditions and this leads to strong interactions with proteins that usually lead to the loss of protein function and promotes cell death [101]. Despite its promising characteristics, reflected by several papers of gallium compounds against cancer [102], to the best of our knowledge there is only one report in which this metal is functionalized in silica [103]. Here, silica was functionalized with an aminopropyl ligand and loaded with gallium nitrate and curcumin to study the cytotoxic potential against MCF-7 cells. The study showed that the nanosystem interacts with oncoproteins and mitochondrial proteins, causing tumor cell death with a different mechanism than those found in the case of other metallodrug-functionalized silica-based materials.



Finally, gold systems must also be mentioned due to their ease of synthesis in different shapes, sizes, functionalities and surface plasmon resonance (optical properties) that confer particular properties to this kind of system in a biological context. However, there is only a single study concerning the incorporation of gold as organometallic complexes in silicas. Malekmohammadi and co-workers [104] prepared an aminated mesoporous silica, to which they incorporated folic acid to improve internalization by endocytosis and loaded it with a gold(III) complex. The new nanosystem demonstrated an efficiency of almost twice that of the isolated gold complex, demonstrating the advantage of using silica as a carrier for metallodrugs. On the other hand, Au nanoparticles have been the subject of many studies in cancer diagnosis and therapy [105]. Most commonly, gold is synthesized as nanometer-sized particles, so some recent studies combining silica with gold have been based on a coating of the latter in order to load the nanosystem with another cytotoxic agent to determine and optimize a controlled release and a sustained cytotoxic activity against cancer cells [106,107].



In this context, there are contributions from outstanding Spanish researchers such as the work of the Martínez-Máñez group [108,109] which synthesized silica- and paraffin-coated gold nanostars for the controlled release of doxorubicin when the nanosystem was subjected to a near-infrared laser beam due to paraffin melting [108]. In addition, they prepared Janus-type silica NPs loaded with the doxorubicin, where one side was functionalized with gold nanostars and the other with cyclodextrin (Figure 12). Upon incident near-infrared radiation, succinic acid was generated, opening the “gates” that released the doxorubicin into the tumor cells [109].





3.2. Antibacterial Activity


Presently, deaths caused by drug-resistant diseases are more than 700,000 per year. The WHO estimates that, in 2050, the antimicrobial resistance (AMR) will be an alarming threat to global health as it is expected to be one of the major causes of death, even above cancer [110]. In 2019, WHO General Director Tedros Adhanom Ghebreyesus said that superbugs are “one of the most urgent health threats of our time”.



The term “superbugs” is used for those bacterial strains that have developed resistance to most of the known antibiotics. This is a natural process by which bacteria or fungi adapt to the drugs that are administered to stop them or kill them, thus making the drug less and less effective to such an extent that it has no impact on them. AMR not only directly affects humans, but also animals and plants, having the potential to affect them at any stage of their life cycle. Penicillin, discovered by Alexander Fleming in 1928, was the first antibiotic drug to be commercialized. However, since its industrial production in 1941, it only took a year for the first resistant germen, a strain of Staphylococcus aureus, to appear, because of this problem, it is necessary to encourage the innovation for new strategies and drugs for preventing or breaking the antibiotic resistance in order to reduce the spread of infections and avoid a serious crisis, both at an economic and global health level.



There are many classes of antibiotics depending on the target bacterial strain and the necessary mechanism of action. A general classification is based on the potential for inhibiting bacterial growth (bacteriostatic drugs) or if they are able to kill the bacteria (bactericidal drugs). The use of new antimicrobial agents is important to combat drug resistance by designing new drugs or systems with a high toxicity and bacterial inhibition.



Although there are a wide variety of metal-based systems [111] (especially based on copper [112] and silver complexes [113]) that have been used in antibacterial studies, this part of the present review will focus on the use of silica-based materials as the support of metal complexes or other metal species as new therapeutic agents against bacteria. There is a very recent review covering the use of MSN-based systems in this field [114], however, covering only the ways of functionalization of MSN but not the use of different metallodrugs.



3.2.1. Silver


The use of silver for antibacterial purposes has been so for thousands of years. Silver, and in particular silver nanoparticles (AgNPs), have multiple biological properties such as antibacterial, antiviral and antifungal capacity. The modulation of the nanometer size and morphology of the NPs allows a strong interaction with the biomolecules of the cell wall, weakening the physical separation between the bacteria and the medium and being able to infiltrate inside the microbe. The specific mechanism of action is complex, although it seems that silver ions act on bacterial membranes, degrading them, while on the other hand, they interact with enzymes and DNA, preventing their proliferation. In addition, AgNPs have an antibiofilm activity, which prevents bacteria or other pathogens from adhering to and colonizing surfaces in an almost irreversible manner [115].



Silica-silver formulations compensate for the disadvantages produced by the use of isolated silver nanoparticles or silver complexes. A very practical way to synthesize this kind of hybrid system is the preparation of core–shell systems [116] or the encapsulation of AgNPs in silica pores prepared with a nonsurfactant templating method [117]. Ag-SiO2 hybrid materials allow greater control of the silver release, improving its selectivity and antibacterial activity which can act against a great variety of bacterial strains.



In this field of work, some Spanish groups have contributed to the development of silver-functionalized silica-based materials as antibacterial systems. For example, a collaborative study between groups from Brazil, Argentina and Spain designed a composite based on silica-polyethylene by polymerization reactions which allowed a covalent functionalization with AgNPs at different pH. These systems were studied against three bacterial strains, one gram-positive (S. aureus) and two gram-negative (Salmonella spp. and E. coli, and showed that the antibacterial capacity depended on the synthetic route with the size of the nanoparticles being responsible for the inhibition of bacterial growth through surface contact, without the need for silver leaching [118]. In another study, the groups of González and Luque-García designed an MCM-41 with silver bromide NPs and Ag@SiO2 core–shell systems as efficient nanocarriers against Mycobacterium tuberculosis. Both systems demonstrated a high antibacterial activity presumably due to the bacterial cell membrane deterioration being more accentuated for those formed by silver bromide NPs, since they have a greater capacity of penetration in the membrane due to the release of Ag+ ions [119].



In addition, recent work of our research team, in collaboration with Dr. Aguilera-Correa and Dr. Páez, focused on the synthesis and characterization of a hybrid system of mesoporous silica decorated with a nicotinic acid and silver chloride NPs (Figure 13). The system showed a promising antibacterial activity against three different planktonic P. aeruginosa strains. These strains are known to have a great facility for generating biofilms; however, the treatment of this silica system obtained very good results in terms of minimal biofilm inhibitory concentration (MBIC) and minimal biofilm eradication concentration (MBEC) values compared to silver NPs alone [120].



Regarding systems based on silica and silver complexes, to the best of our knowledge, to date there is only a single paper by Y. Kuthati et al. that reported the preparation of IBN-4 type silica by hydrothermal treatment, loaded with a silver complex via the reaction with a pH-sensitive hydrazone ligand. The nanosystem was able to inhibit the biofilm formation of E. coli, B. subtilis, S. aureus and S. epidermis, greatly increase the production of ROS and induced protein leakage and DNA fragmentation, and, thus, bacterial death [121].




3.2.2. Copper


As in the case of silver, copper has been used as a treatment for infections for thousands of years since the days of the Egyptians and Romans. Copper is essential in most of the organisms for important processes such as cellular respiration or photosynthesis. Specifically, bacterial cells need this metal for metabolizing the enzyme cytochrome c oxidase, and in gram-negative bacteria, for example, the use of copper is essential to metabolize methane to methanol [122]. Interestingly, a deregulation of copper is capable of causing toxicity at the bacterial level, being able to take advantage of this characteristic for antibacterial purposes. In fact, copper is the first, and the only metal, with antibacterial properties approved in 2008 by the Environmental Protection Agency (EPA). Therefore, it has highly promising properties and applicability at a very low cost. A great advantage of copper is that it does not induce resistance in bacteria. Copper is present in nature and, until now, no microorganisms have shown resistance to it. Copper also has a multitherapeutic way of acting, allowing different mechanisms of antibacterial activity which go down different routes to other antibiotics. This is the main reason for copper compounds and materials hindering the development of resistance and killing microorganisms before they can replicate, precluding the development of resistance which can be transmitted to the next generations of microbes.



The molecular and chemical mechanism on how copper acts against bacteria is still not known with accuracy, although several hypotheses have been postulated in several scientific studies [123]. Firstly, it seems that copper ions are capable of breaking down proteins from the bacterial wall and intervening in the synthesis, allowing the leakage of bacterial nutrients and other cellular content, which in a final step leads to the death of the bacteria [124]. On the other hand, it seems that copper also interacts with the transport, storage or other kind of proteins displacing other metal ions from their binding site. This can also happen with bacterial DNA and causes a degradation of DNA or dysfunction of the ion tasks in the bacteria, leading the microorganism to cell death.



Finally, it has also been observed that copper ions can generate, by the interaction of electron carriers and reactive oxygen species (ROS), through the reaction known as Fenton/Haber–Weiss, causing oxidative stress to the cell (Figure 14). However, this approach is still not entirely clear since the use of copper in some bacteria under anaerobic conditions produces greater cellular damage than in the presence of oxygen, which shows that the action of copper does not follow a single mechanism [125].



There are many studies in the literature regarding using copper in different coordination environments; for example, copper oxides, copper(II) Schiff-base complexes and copper nanoparticles [111]. However, the investigation dealing with the incorporation of copper compounds (not copper nanoparticles) in silica materials is very limited.



In 2015, H. Palza and co-workers used a silica nanoparticle to interact with CuCl2 and to form nanocrystals of paratacamite (Cu2(OH)3Cl). This system was capable of releasing copper in an aqueous medium, producing an antibacterial activity [126]. Subsequently, W. Zhang et al. synthesized a Schiff-base copper(II) complex that was supported in silica NPs through an aminopropyl ligand in order to make a bactericide less polluting and harmful to plants [127]. The study showed that, with this new design, a lower amount of copper was needed to obtain a good bactericidal activity, compared with the free copper complex. In an analogous work, L. Tahmasbi et al. designed a system based on MCM-41 incorporating a Cu(II) and a Ni(II) Schiff-base complex. These metal-containing silica systems were also acting as carriers of gentamicin with very interesting properties [128].



A very different strategy involving copper as a synthetic template was carried out by the group of Halbus. This study showed that the use of copper NPs as a template for porous silica nanoparticles, and a subsequent functionalization with a glycil ligand and boronic acid, leads to new antibacterial systems thanks to the interactions with bacterial membranes [129].



The main contribution of Spanish researchers to this field has been carried out by our group and those of Montalvo and Martín. We have recently published two reports in which copper complexes have been anchored to mesoporous silicas with antibacterial capacity [130,131]. The first study was focused on the preparation of MSN silicas (by sol-gel methods) functionalized with a maleamate ligand capable of coordinating copper(II). This system showed a great inhibitory and bactericidal capacity against different strains, with a similar or even higher activity than commercial antibiotics. The antibacterial activity in the Cu-functionalized mesoporous silica systems associated their antibacterial activity to their catalytic potential in selective oxidation processes to form ROS [130]. In the second study, we described the preparation by a sol-gel method and characterization of nanostructured silica SBA-15 functionalized with an imidazole and a maleamic ligand for the subsequent incorporation of coordinated copper ions. These systems showed a good antimicrobial activity against a gram-positive (S. aureus) and a gram-negative strain (E. coli), observing also, through electrochemical studies, that their mode of action is presumably due to an interaction with amino acids involved in the synthesis of the peptidoglycan of the bacterial wall [131].



The other Spanish contribution in this field was focused on the design of a composite silica foam with a copper salt (using microwaves) and copper nanoparticles (by green chemistry reduction). These systems showed an outstanding antibacterial activity against E. coli and S. aureus without the need of a metal ion release [132].



Despite the advancement in nanomedicine, there is still a lot to undertake in this field to promote the use of immobilized silver or copper complexes on silica nanoparticles, promising new structures and systems are yet to be explored and would undoubtedly help in the design of effective antibacterial systems against superbugs.






4. Conclusions


This review gives an overview of the current advances in systems based on silica nanostructured materials as carriers of drugs and molecules of biological interest. In particular, the use of silica systems as carriers for metallodrugs, although still far from being implemented in clinical trials, is an innovative alternative to the use of free metal complexes in therapies against cancer and bacterial infections since they improve problems with dosage by requiring a much lower amount of metal and, therefore, offering more sustainability.



Even though there is still a lot of research work to do in this field for obtaining the exact therapeutic mechanism of action of these systems to promote their use in humans, the studies carried out during the last 15 years have given some insights on the mechanism of therapeutic action of free metallodrugs, reaching several conclusions agreed by the scientific community to interpret the action pathways of the compounds. However, when metallodrugs are supported on silica, as their therapeutic activity can be modulated depending on the design and loading of the systems to generate more reactive oxygen species, changes in growth factors or interaction with different proteins, there are several steps that need to be clarified for going further to clinical applications.



Nevertheless, these systems have a high versatility, as the classic systems of the transport of metallodrugs, initiated by the pioneering work of the Spanish group of Vallet-Regí, have been based on the absorption of the drugs in porous silicas, followed by a controlled release in the target area through “intelligent gates”, changes in pH or specific interactions, where the metallic load accumulates thanks to the EPR effect, while the design of nonclassical release systems based on silica have become, in recent years, a great competitor for the classical model and an interesting alternative.



Thus, the nonclassical release systems have shown a great activity against a multitude of cancer cell lines in vitro, and some cancer mice models in vivo. In addition, nonclassical metallodrug-functionalized silica nanostructured systems have also been used against different bacterial strains. Interestingly, in this field, several Spanish researchers are key contributors in preparing nonclassical metallodrug-functionalized drug delivery systems that do not require the release of the metal complexes for their therapeutic activity to take place.



For an adequate and efficient design, synthesis and study of the biological properties of metallodrug-functionalized silica-based nanomaterials, a thorough characterization of each material and each synthetic step associated with the functionalization is necessary, because every little change in the system can cause significant changes in the therapeutic biological properties of the system, which is crucial for its final use.



Finally, it is important to note that the versatility in the design and functionalization of silica allows not only the possibility of improving existing therapies in cancer and bacterial conditions, but also to expand the use of these systems to other therapeutic approaches such as neurodegenerative diseases treatment [133], bone regeneration [134] and surgical operations due to their antibacterial properties [135].



This review, therefore, has aimed to open the field of vision of researchers to expand the knowledge of these nanosystems, the valuable contribution of Spanish researchers in this field and to show the perspective to exploit the potential application of these systems in the future.







Author Contributions


Conceptualization, D.D.-G., and S.G.-R.; writing—original draft preparation, D.D.-G. and S.G.-R.; writing—review and editing, D.D.-G., S.P. and S.G.-R. All authors have read and agreed to the published version of the manuscript.




Funding


RTI2018-094322-B-I00 funded by MCIN/AEI/10.13039/501100011033 and by “ERDF A way of making Europe”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We gratefully acknowledge the funding and support of the Ministerio de Ciencia e Innovación and Agencia Estatal de Investigación of Spain for our projects and Universidad Rey Juan Carlos for the facilities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yan, W.; Leung, S.S.; To, K.K. Updates on the Use of Liposomes for Active Tumor Targeting in Cancer Therapy. Nanomedicine 2019, 15, 303–318. [Google Scholar] [CrossRef] [PubMed]

	



Barenholz, Y. (Chezy) Doxil®—The First FDA-Approved Nano-Drug: Lessons Learned. J. Control. Release 2012, 160, 117–134. [Google Scholar] [CrossRef] [PubMed]

	



Anselmo, A.C.; Mitragotri, S. Nanoparticles in the Clinic: An Update. Bioeng. Transl. Med. 2019, 4, 10143. [Google Scholar] [CrossRef]

	



Passero, F.C.; Grapsa, D.; Syrigos, K.N.; Saif, M.W. The Safety and Efficacy of Onivyde (Irinotecan Liposome Injection) for the Treatment of Metastatic Pancreatic Cancer Following Gemcitabine-Based Therapy. Expert Rev. Anticancer Ther. 2016, 16, 697–703. [Google Scholar] [CrossRef] [PubMed]

	



Krauss, A.C.; Gao, X.; Li, L.; Manning, M.L.; Patel, P.; Fu, W.; Janoria, K.G.; Gieser, G.; Bateman, D.A.; Przepiorka, D.; et al. FDA Approval Summary: (Daunorubicin and Cytarabine) Liposome for Injection for the Treatment of Adults with High-Risk Acute Myeloid Leukemia. Clin. Cancer Res. 2019, 25, 2685–2690. [Google Scholar] [CrossRef]

	



Yuan-Yu, H. Approval of The First-Ever RNAi Therapeutics and Its Technological Development History. Prog. Biochem. Biophys. 2019, 46, 313–322. [Google Scholar] [CrossRef]

	



Attwood, C. FDA Approve Abraxane for Pancreatic Cancer. Expert Rev. Clin. Pharmacol. 2013, 6, 602. [Google Scholar]

	



Mioc, A.; Mioc, M.; Ghiulai, R.; Voicu, M.; Racoviceanu, R.; Trandafirescu, C.; Dehelean, C.; Coricovac, D.; Soica, C. Gold Nanoparticles as Targeted Delivery Systems and Theranostic Agents in Cancer Therapy. Curr. Med. Chem. 2019, 26, 6493–6513. [Google Scholar] [CrossRef]

	



Yamada, M.; Foote, M.; Prow, T.W. Therapeutic Gold, Silver, and Platinum Nanoparticles. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2015, 7, 428–445. [Google Scholar] [CrossRef]

	



Jeyaraj, M.; Gurunathan, S.; Qasim, M.; Kang, M.-H.; Kim, J.-H. A Comprehensive Review on the Synthesis, Characterization, and Biomedical Application of Platinum Nanoparticles. Nanomaterials 2019, 9, 1719. [Google Scholar] [CrossRef]

	



Sharma, A.; Goyal, A.K.; Rath, G. Recent Advances in Metal Nanoparticles in Cancer Therapy. J. Drug Target. 2018, 26, 617–632. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Z.; Chen, Y.; Wang, Y.; Jiang, H.; Wang, X. Advances and Challenges in Metallic Nanomaterial Synthesis and Antibacterial Applications. J. Mater. Chem. B 2020, 8, 4764–4777. [Google Scholar] [CrossRef] [PubMed]

	



Kim, W.-K.; Kim, J.-C.; Park, H.-J.; Sul, O.-J.; Lee, M.-H.; Kim, J.-S.; Choi, H.-S. Platinum Nanoparticles Reduce Ovariectomy-Induced Bone Loss by Decreasing Osteoclastogenesis. Exp. Mol. Med. 2012, 44, 432. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Ye, J.; Han, Q.; Tao, R.; Liu, F.; Wang, W. Toxicity and Bioactivity of Cobalt Nanoparticles on the Monocytes. Orthop. Surg. 2015, 7, 168–173. [Google Scholar] [CrossRef]

	



Van Hengel, I.A.J.; Tierolf, M.W.A.M.; Valerio, V.P.M.; Minneboo, M.; Fluit, A.C.; Fratila-Apachitei, L.E.; Apachitei, I.; Zadpoor, A.A. Self-Defending Additively Manufactured Bone Implants Bearing Silver and Copper Nanoparticles. J. Mater. Chem. B 2020, 8, 1589–1602. [Google Scholar] [CrossRef]

	



Vallet-Regi, M.; Rámila, A.; del Real, R.P.; Pérez-Pariente, J. A New Property of MCM-41:  Drug Delivery System. Chem. Mater. 2001, 13, 308–311. [Google Scholar] [CrossRef]

	



Barry, N.P.E.; Sadler, P.J. Dicarba-Closo-Dodecarborane-Containing Half-Sandwich Complexes of Ruthenium, Osmium, Rhodium and Iridium: Biological Relevance and Synthetic Strategies. Chem. Soc. Rev. 2012, 41, 3264–3279. [Google Scholar] [CrossRef]

	



Rosenberg, B.; Vancamp, L.; Trosko, J.E.; Mansour, V.H. Platinum Compounds: A New Class of Potent Antitumour Agents. Nature 1969, 222, 385–386. [Google Scholar] [CrossRef]

	



Gurruchaga-Pereda, J.; Martínez, Á.; Terenzi, A.; Salassa, L. Anticancer Platinum Agents and Light. Inorg. Chim. Acta 2019, 495, 118981. [Google Scholar] [CrossRef]

	



Rocamora-Reverte, L.; Carrasco-García, E.; Ceballos-Torres, J.; Prashar, S.; Kaluđerović, G.N.; Ferragut, J.A.; Gómez-Ruiz, S. Study of the Anticancer Properties of Tin(IV) Carboxylate Complexes on a Panel of Human Tumor Cell Lines. ChemMedChem 2012, 7, 301–310. [Google Scholar] [CrossRef]

	



Gómez-Ruiz, S.; Stanojković, T.P.; Kaluđerović, G.N. Synthesis, Characterization, Biological Studies and In Vitro Cytotoxicity on Human Cancer Cell Lines of Titanium(IV) and Tin(IV) Derivatives with the α,A′-Dimercapto-o-Xylene Ligand. Appl. Organomet. Chem. 2012, 26, 383–389. [Google Scholar] [CrossRef]

	



Rodríguez-Prieto, T.; Michlewska, S.; Hołota, M.; Ionov, M.; de la Mata, F.J.; Cano, J.; Bryszewska, M.; Gómez, R. Organometallic Dendrimers Based on Ruthenium(II) N-Heterocyclic Carbenes and Their Implication as Delivery Systems of Anticancer Small Interfering RNA. J. Inorg. Biochem. 2021, 223, 111540. [Google Scholar] [CrossRef] [PubMed]

	



Kaluđerović, M.R.; Gómez-Ruiz, S.; Gallego, B.; Hey-Hawkins, E.; Paschke, R.; Kaluđerović, G.N. Anticancer Activity of Dinuclear Gallium(III) Carboxylate Complexes. Eur. J. Med. Chem. 2010, 45, 519–525. [Google Scholar] [CrossRef] [PubMed]

	



Quero, J.; Ruighi, F.; Osada, J.; Gimeno, M.C.; Cerrada, E.; Rodriguez-Yoldi, M.J. Gold(I) Complexes Bearing Alkylated 1,3,5-Triaza-7-Phosphaadamantane Ligands as Thermoresponsive Anticancer Agents in Human Colon Cells. Biomedicines 2021, 9, 1848. [Google Scholar] [CrossRef]

	



Gascón, E.; Maisanaba, S.; Otal, I.; Valero, E.; Repetto, G.; Jones, P.G.; Jiménez, J. (Amino)Cyclophosphazenes as Multisite Ligands for the Synthesis of Antitumoral and Antibacterial Silver(I) Complexes. Inorg. Chem. 2020, 59, 2464–2483. [Google Scholar] [CrossRef]

	



Pires, A.S.; Batista, J.; Murtinho, D.; Nogueira, C.; Karamysheva, A.; Luísa Ramos, M.; Milne, B.F.; Tavares, N.T.; Gonçalves, J.; Gonçalves, A.C.; et al. Synthesis, Characterization and Evaluation of the Antibacterial and Antitumor Activity of HalogenatedSalen Copper (II) Complexes Derived from Camphoric Acid. Appl. Organomet. Chem. 2020, 34, e5569. [Google Scholar] [CrossRef]

	



Xiong, X.; Liu, L.-Y.; Mao, Z.-W.; Zou, T. Approaches towards Understanding the Mechanism-of-Action of Metallodrugs. Coord. Chem. Rev. 2022, 453, 214311. [Google Scholar] [CrossRef]

	



Lei, Q.; Guo, J.; Noureddine, A.; Wang, A.; Wuttke, S.; Brinker, C.J.; Zhu, W. Sol–Gel-Based Advanced Porous Silica Materials for Biomedical Applications. Adv. Funct. Mater. 2020, 30, 1909539. [Google Scholar] [CrossRef]

	



Florensa, M.; Llenas, M.; Medina-Gutiérrez, E.; Sandoval, S.; Tobías-Rossell, G. Key Parameters for the Rational Design, Synthesis, and Functionalization of Biocompatible Mesoporous Silica Nanoparticles. Pharmaceutics 2022, 14, 2703. [Google Scholar] [CrossRef]

	



Narayan, R.; Nayak, U.Y.; Raichur, A.M.; Garg, S. Mesoporous Silica Nanoparticles: A Comprehensive Review on Synthesis and Recent Advances. Pharmaceutics 2018, 10, 118. [Google Scholar] [CrossRef]

	



Singh, P.; Srivastava, S.; Singh, S.K. Nanosilica: Recent Progress in Synthesis, Functionalization, Biocompatibility, and Biomedical Applications. ACS Biomater. Sci. Eng. 2019, 5, 4882–4898. [Google Scholar] [CrossRef] [PubMed]

	



Vallet-Regí, M.; Colilla, M.; Izquierdo-Barba, I.; Manzano, M. Mesoporous Silica Nanoparticles for Drug Delivery: Current Insights. Molecules 2018, 23, 47. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Quan, G.; Wu, Q.; Zhang, X.; Niu, B.; Wu, B.; Huang, Y.; Pan, X.; Wu, C. Mesoporous Silica Nanoparticles for Drug and Gene Delivery. Acta Pharm. Sin. B 2018, 8, 165–177. [Google Scholar] [CrossRef] [PubMed]

	



Iturrioz-Rodríguez, N.; Correa-Duarte, M.A.; Fanarraga, M.L. Controlled Drug Delivery Systems for Cancer Based on Mesoporous Silica Nanoparticles. Int. J. Nanomed. 2019, 14, 3389–3401. [Google Scholar] [CrossRef] [PubMed]

	



Gulla, S.; Lomada, D.; Srikanth, V.V.S.S.; Shankar, M.V.; Reddy, K.R.; Soni, S.; Reddy, M.C. Chapter 11—Recent Advances in Nanoparticles-Based Strategies for Cancer Therapeutics and Antibacterial Applications. In Methods in Microbiology; Nanotechnology; Gurtler, V., Ball, A.S., Soni, S., Eds.; Academic Press: Cambridge, MA, USA, 2019; Volume 46, pp. 255–293. [Google Scholar]

	



Yang, B.; Chen, Y.; Shi, J. Reactive Oxygen Species (ROS)-Based Nanomedicine. Chem. Rev. 2019, 119, 4881–4985. [Google Scholar] [CrossRef] [PubMed]

	



Wani, W.A.; Prashar, S.; Shreaz, S.; Gómez-Ruiz, S. Nanostructured Materials Functionalized with Metal Complexes: In Search of Alternatives for Administering Anticancer Metallodrugs. Coord. Chem. Rev. 2016, 312, 67–98. [Google Scholar] [CrossRef]

	



U.S. Department of Health & Human Services (HHS). Available online: https://www.hhs.gov/index.html (accessed on 26 December 2022).

	



Ortega, E.; Vigueras, G.; Ballester, F.J.; Ruiz, J. Targeting Translation: A Promising Strategy for Anticancer Metallodrugs. Coord. Chem. Rev. 2021, 446, 214129. [Google Scholar] [CrossRef]

	



Garg, A.D.; More, S.; Rufo, N.; Mece, O.; Sassano, M.L.; Agostinis, P.; Zitvogel, L.; Kroemer, G.; Galluzzi, L. Trial Watch: Immunogenic Cell Death Induction by Anticancer Chemotherapeutics. Oncoimmunology 2017, 6, 1386829. [Google Scholar] [CrossRef]

	



Xiao, H.; Yan, L.; Dempsey, E.M.; Song, W.; Qi, R.; Li, W.; Huang, Y.; Jing, X.; Zhou, D.; Ding, J.; et al. Recent Progress in Polymer-Based Platinum Drug Delivery Systems. Prog. Polym. Sci. 2018, 87, 70–106. [Google Scholar] [CrossRef]

	



Di Pasqua, A.J.; Wallner, S.; Kerwood, D.J.; Dabrowiak, J.C. Adsorption of the Pt(II) Anticancer Drug Carboplatin by Mesoporous Silica. Chem. Biodivers. 2009, 6, 1343–1349. [Google Scholar] [CrossRef]

	



Tao, Z.; Toms, B.; Goodisman, J.; Asefa, T. Mesoporous Silica Microparticles Enhance the Cytotoxicity of Anticancer Platinum Drugs. ACS Nano 2010, 4, 789–794. [Google Scholar] [CrossRef] [PubMed]

	



López, T.; Islas, E.O.; Alvarez, M.; González, R.D. Nanostructured Pt(NH3)4Cl2/SiO2 for Nanomedicine: Catalytic Degradation of DNA in Cancer Cells. Nano Rev. 2011, 2, 5461. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.-H.; Cheng, S.-H.; Liao, W.-N.; Wei, P.-R.; Sung, P.-J.; Weng, C.-F.; Lee, C.-H. Mesoporous Silica Nanoparticles for the Improved Anticancer Efficacy of Cis-Platin. Int. J. Pharm. 2012, 429, 138–147. [Google Scholar] [CrossRef] [PubMed]

	



He, H.; Xiao, H.; Kuang, H.; Xie, Z.; Chen, X.; Jing, X.; Huang, Y. Synthesis of Mesoporous Silica Nanoparticle–Oxaliplatin Conjugates for Improved Anticancer Drug Delivery. Colloids Surf. B Biointerfaces 2014, 117, 75–81. [Google Scholar] [CrossRef]

	



Li, H.; Yu, H.; Zhu, C.; Hu, J.; Du, M.; Zhang, F.; Yang, D. Cisplatin and Doxorubicin Dual-Loaded Mesoporous Silica Nanoparticles for Controlled Drug Delivery. RSC Adv. 2016, 6, 94160–94169. [Google Scholar] [CrossRef]

	



Zhang, W.; Shen, J.; Su, H.; Mu, G.; Sun, J.-H.; Tan, C.-P.; Liang, X.-J.; Ji, L.-N.; Mao, Z.-W. Co-Delivery of Cisplatin Prodrug and Chlorin E6 by Mesoporous Silica Nanoparticles for Chemo-Photodynamic Combination Therapy to Combat Drug Resistance. ACS Appl. Mater. Interfaces 2016, 8, 13332–13340. [Google Scholar] [CrossRef]

	



Predarska, I.; Saoud, M.; Morgan, I.; Eichhorn, T.; Kaluđerović, G.N.; Hey-Hawkins, E. Cisplatin−cyclooxygenase Inhibitor Conjugates, Free and Immobilised in Mesoporous Silica SBA-15, Prove Highly Potent against Triple-Negative MDA-MB-468 Breast Cancer Cell Line. Dalton Trans. 2022, 51, 857–869. [Google Scholar] [CrossRef]

	



Predarska, I.; Saoud, M.; Drača, D.; Morgan, I.; Komazec, T.; Eichhorn, T.; Mihajlović, E.; Dunđerović, D.; Mijatović, S.; Maksimović-Ivanić, D.; et al. Mesoporous Silica Nanoparticles Enhance the Anticancer Efficacy of Platinum(IV)-Phenolate Conjugates in Breast Cancer Cell Lines. Nanomaterials 2022, 12, 3767. [Google Scholar] [CrossRef]

	



Del Hierro, I.; Pérez, Y.; Cruz, P.; Juárez, R. Pt and Ti Complexes Immobilized onto Mesoporous Silica Microspheres and Their Interaction with Molecules of Biological Interest. Eur. J. Inorg. Chem. 2017, 2017, 3030–3039. [Google Scholar] [CrossRef]

	



Díez, P.; Lucena-Sánchez, E.; Escudero, A.; Llopis-Lorente, A.; Villalonga, R.; Martínez-Máñez, R. Ultrafast Directional Janus Pt–Mesoporous Silica Nanomotors for Smart Drug Delivery. ACS Nano 2021, 15, 4467–4480. [Google Scholar] [CrossRef]

	



Köpf-Maier, P.; Köpf, H. Tumor Inhibition by Titanocene Complexes. Activity against B16 Melanoma and Colon 38 Carcinoma. Arzneimittelforschung 1987, 37, 532–534. [Google Scholar] [PubMed]

	



O’Connor, K.; Gill, C.; Tacke, M.; Rehmann, F.-J.K.; Strohfeldt, K.; Sweeney, N.; Fitzpatrick, J.M.; Watson, R.W.G. Novel Titanocene Anti-Cancer Drugs and Their Effect on Apoptosis and the Apoptotic Pathway in Prostate Cancer Cells. Apoptosis 2006, 11, 1205–1214. [Google Scholar] [CrossRef] [PubMed]

	



Cini, M.; Bradshaw, T.D.; Woodward, S. Using Titanium Complexes to Defeat Cancer: The View from the Shoulders of Titans. Chem. Soc. Rev. 2017, 46, 1040–1051. [Google Scholar] [CrossRef] [PubMed]

	



Senthilnathan, D.; Vaideeswaran, S.; Venuvanalingam, P.; Frenking, G. Antitumor Activity of Bent Metallocenes: Electronic Structure Analysis Using DFT Computations. J. Mol. Model. 2011, 17, 465–475. [Google Scholar] [CrossRef]

	



Koubkova, L.; Vyzula, R.; Karban, J.; Pinkas, J.; Ondrouskova, E.; Vojtesek, B.; Hrstka, R. Evaluation of Cytotoxic Activity of Titanocene Difluorides and Determination of Their Mechanism of Action in Ovarian Cancer Cells. Investig. New Drugs 2015, 33, 1123–1132. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Li, H.; Weir, R.A.; Sadler, P.J. The First Specific TiIV–Protein Complex: Potential Relevance to Anticancer Activity of Titanocenes. Angew. Chem. Int. Ed. 1998, 37, 1577–1579. [Google Scholar] [CrossRef]

	



Vincent, J.B.; Love, S. The Binding and Transport of Alternative Metals by Transferrin. Biochim. Biophys. Acta 2012, 1820, 362–378. [Google Scholar] [CrossRef]

	



Eberle, R.P.; Schürch, S. Titanocene Binding to Oligonucleotides. J. Inorg. Biochem. 2018, 184, 1–7. [Google Scholar] [CrossRef]

	



Christodoulou, C.V.; Eliopoulos, A.G.; Young, L.S.; Hodgkins, L.; Ferry, D.R.; Kerr, D.J. Anti-Proliferative Activity and Mechanism of Action of Titanocene Dichloride. Br. J. Cancer 1998, 77, 2088–2097. [Google Scholar] [CrossRef]

	



Curado, N.; Giménez, N.; Miachin, K.; Aliaga-Lavrijsen, M.; Cornejo, M.A.; Jarzecki, A.A.; Contel, M. Preparation of Titanocene–Gold Compounds Based on Highly Active Gold(I)-N-Heterocyclic Carbene Anticancer Agents: Preliminary In Vitro Studies in Renal and Prostate Cancer Cell Lines. ChemMedChem 2019, 14, 1086–1095. [Google Scholar] [CrossRef]

	



Fernández-Vega, L.; Ruiz Silva, V.A.; Domínguez-González, T.M.; Claudio-Betancourt, S.; Toro-Maldonado, R.E.; Capre Maso, L.C.; Sanabria Ortiz, K.; Pérez-Verdejo, J.A.; Román González, J.; Rosado-Fraticelli, G.T.; et al. Evaluating Ligand Modifications of the Titanocene and Auranofin Moieties for the Development of More Potent Anticancer Drugs. Inorganics 2020, 8, 10. [Google Scholar] [CrossRef] [PubMed]

	



Tabrizi, L.; Olasunkanmi, L.O.; Fadare, O.A. De Novo Design of Thioredoxin Reductase-Targeted Heterometallic Titanocene–Gold Compounds of Chlorambucil for Mechanistic Insights into Renal Cancer. Chem. Commun. 2019, 56, 297–300. [Google Scholar] [CrossRef] [PubMed]

	



Schilling, T.; Keppler, K.B.; Heim, M.E.; Niebch, G.; Dietzfelbinger, H.; Rastetter, J.; Hanauske, A.-R. Clinical Phase I and Pharmacokinetic Trial of the New Titanium Complex Budotitane. Investig. New Drugs 1995, 13, 327–332. [Google Scholar] [CrossRef] [PubMed]

	



Valadares, M.C.; Klein, S.I.; Zyngier, S.; Queiroz, M.L. Growth and Differentiation of Bone Marrow Hematopoietic Cells in Mice Bearing Ehrlich Ascite Tumor and Treated with Dicyclopentadienildichlorotitanium (IV). Int. J. Immunopharmacol. 1998, 20, 573–581. [Google Scholar] [CrossRef]

	



Pérez-Quintanilla, D.; Gómez-Ruiz, S.; Zizak, Z.; Sierra, I.; Prashar, S.; del Hierro, I.; Fajardo, M.; Juranić, Z.D.; Kaluderović, G.N. A New Generation of Anticancer Drugs: Mesoporous Materials Modified with Titanocene Complexes. Chemistry 2009, 15, 5588–5597. [Google Scholar] [CrossRef]

	



Kaluđerović, G.N.; Pérez-Quintanilla, D.; Sierra, I.; Prashar, S.; del Hierro, I.; Žižak, Ž.; Juranić, Z.D.; Fajardo, M.; Gómez-Ruiz, S. Study of the Influence of the Metal Complex on the Cytotoxic Activity of Titanocene-Functionalized Mesoporous Materials. J. Mater. Chem. 2010, 20, 806–814. [Google Scholar] [CrossRef]

	



García-Peñas, A.; Gómez-Ruiz, S.; Pérez-Quintanilla, D.; Paschke, R.; Sierra, I.; Prashar, S.; del Hierro, I.; Kaluđerović, G.N. Study of the Cytotoxicity and Particle Action in Human Cancer Cells of Titanocene-Functionalized Materials with Potential Application against Tumors. J. Inorg. Biochem. 2012, 106, 100–110. [Google Scholar] [CrossRef]

	



Ceballos-Torres, J.; Virag, P.; Cenariu, M.; Prashar, S.; Fajardo, M.; Fischer-Fodor, E.; Gómez-Ruiz, S. Anti-Cancer Applications of Titanocene-Functionalised Nanostructured Systems: An Insight into Cell Death Mechanisms. Chem.—A Eur. J. 2014, 20, 10811–10828. [Google Scholar] [CrossRef]

	



Kaluđerović, G.N.; Pérez-Quintanilla, D.; Žižak, Ž.; Juranić, Z.D.; Gómez-Ruiz, S. Improvement of Cytotoxicity of Titanocene-Functionalized Mesoporous Materials by the Increase of the Titanium Content. Dalton Trans. 2010, 39, 2597–2608. [Google Scholar] [CrossRef]

	



Gómez-Ruiz, S.; García-Peñas, A.; Prashar, S.; Rodríguez-Diéguez, A.; Fischer-Fodor, E. Anticancer Applications of Nanostructured Silica-Based Materials Functionalized with Titanocene Derivatives: Induction of Cell Death Mechanism through TNFR1 Modulation. Materials 2018, 11, 224. [Google Scholar] [CrossRef]

	



Díaz-García, D.; Cenariu, D.; Pérez, Y.; Cruz, P.; del Hierro, I.; Prashar, S.; Fischer-Fodor, E.; Gómez-Ruiz, S. Modulation of the Mechanism of Apoptosis in Cancer Cell Lines by Treatment with Silica-Based Nanostructured Materials Functionalized with Different Metallodrugs. Dalton Trans. 2018, 47, 12284–12299. [Google Scholar] [CrossRef] [PubMed]

	



Díaz-García, D.; Fischer-Fodor, E.; Vlad, C.I.; Méndez-Arriaga, J.M.; Prashar, S.; Gómez-Ruiz, S. Study of Cancer Cell Cytotoxicity, Internalization and Modulation of Growth Factors Induced by Transferrin-Conjugated Formulations of Metallodrug-Functionalized Mesoporous Silica Nanoparticles. Microporous Mesoporous Mater. 2021, 323, 111238. [Google Scholar] [CrossRef]

	



Crowe, A.J.; Smith, P.J.; Atassi, G. Investigations into the Antitumour Activity of Organotin Compounds. I. Diorganotin Dihalide and Di-Pseudohalide Complexes. Chem.-Biol. Interact. 1980, 32, 171–178. [Google Scholar] [CrossRef] [PubMed]

	



Esmail, S.A.A.; Shamsi, M.; Chen, T.; Al-Asbahy, W.M. Design, Synthesis and Characterization of Tin-Based Cancer Chemotherapy Drug Entity: In Vitro DNA Binding, Cleavage, Induction of Cancer Cell Apoptosis by Triggering DNA Damage-Mediated P53 Phosphorylation and Molecular Docking. Appl. Organomet. Chem. 2019, 33, e4651. [Google Scholar] [CrossRef]

	



Khan, M.I.; Baloch, M.K.; Ashfaq, M.; Obaidullah. Synthesis, characterization and in vitro cytotoxic effects of new organotin(IV)-2-maleimidopropanoates. Appl. Organomet. Chem. 2006, 20, 463–470. [Google Scholar] [CrossRef]

	



Pellerito, L.; Nagy, L. Organotin(IV)N+ Complexes Formed with Biologically Active Ligands: Equilibrium and Structural Studies, and Some Biological Aspects. Coord. Chem. Rev. 2002, 224, 111–150. [Google Scholar] [CrossRef]

	



Gómez-Ruiz, S.; Kaluđerović, G.N.; Prashar, S.; Hey-Hawkins, E.; Erić, A.; Žižak, Ž.; Juranić, Z.D. Study of the Cytotoxic Activity of Di and Triphenyltin(IV) Carboxylate Complexes. J. Inorg. Biochem. 2008, 102, 2087–2096. [Google Scholar] [CrossRef]

	



Kaluđerović, G.N.; Kommera, H.; Hey-Hawkins, E.; Paschke, R.; Gómez-Ruiz, S. Synthesis and Biological Applications of Ionic Triphenyltin(IV) Chloride Carboxylate Complexes with Exceptionally High Cytotoxicity. Metallomics 2010, 2, 419–428. [Google Scholar] [CrossRef]

	



Vafaee, M.; Amini, M.M.; Najafi, E.; Sadeghi, O.; Amani, V. Modified Nanoporous Silicas for Oral Delivery of the Water Insoluble Organotin Compound: Loading and Release of Methylphenyltin Dichloride as an Anti-Tumor Drug Model. J. Sol-Gel Sci. Technol. 2012, 64, 411–417. [Google Scholar] [CrossRef]

	



Bensing, C.; Mojić, M.; Gómez-Ruiz, S.; Carralero, S.; Dojčinović, B.; Maksimović-Ivanić, D.; Mijatović, S.; Kaluđerović, G.N. Evaluation of Functionalized Mesoporous Silica SBA-15 as a Carrier System for Ph3Sn(CH2)3OH against the A2780 Ovarian Carcinoma Cell Line. Dalton Trans. 2016, 45, 18984–18993. [Google Scholar] [CrossRef]

	



Maksimović-Ivanić, D.; Bulatović, M.; Edeler, D.; Bensing, C.; Golić, I.; Korać, A.; Kaluđerović, G.N.; Mijatović, S. The Interaction between SBA-15 Derivative Loaded with Ph3Sn(CH2)6OH and Human Melanoma A375 Cell Line: Uptake and Stem Phenotype Loss. J. Biol. Inorg. Chem. 2019, 24, 223–234. [Google Scholar] [CrossRef] [PubMed]

	



Edeler, D.; Drača, D.; Petković, V.; Natalio, F.; Maksimović-Ivanić, D.; Mijatović, S.; Schmidt, H.; Kaluđerović, G.N. Impact of the Mesoporous Silica SBA-15 Functionalization on the Mode of Action of Ph3Sn(CH2)6OH. Mater. Sci. Eng. C 2019, 100, 315–322. [Google Scholar] [CrossRef] [PubMed]

	



Bulatović, M.Z.; Maksimović-Ivanić, D.; Bensing, C.; Gómez-Ruiz, S.; Steinborn, D.; Schmidt, H.; Mojić, M.; Korać, A.; Golić, I.; Pérez-Quintanilla, D.; et al. Organotin(IV)-Loaded Mesoporous Silica as a Biocompatible Strategy in Cancer Treatment. Angew. Chem. Int. Ed. Engl. 2014, 53, 5982–5987. [Google Scholar] [CrossRef] [PubMed]

	



Bensing, C.; Mojić, M.; Bulatović, M.; Edeler, D.; Pérez-Quintanilla, D.; Gómez-Ruiz, S.; Maksimović-Ivanić, D.; Mijatović, S.; Kaluđerović, G.N. Effect of Chain Length on the Cytotoxic Activity of (Alkyl-ω-Ol)Triphenyltin(IV) Loaded into SBA-15 Nanostructured Silica and In Vivo Study of SBA-15~Cl|Ph3Sn(CH2)8OH. Biomater. Adv. 2022, 140, 213054. [Google Scholar] [CrossRef] [PubMed]

	



Díaz-García, D.; Sommerova, L.; Martisova, A.; Skoupilova, H.; Prashar, S.; Vaculovic, T.; Kanicky, V.; del Hierro, I.; Hrstka, R.; Gómez-Ruiz, S. Mesoporous Silica Nanoparticles Functionalized with a Dialkoxide Diorganotin(IV) Compound: In Search of More Selective Systems against Cancer Cells. Microporous Mesoporous Mater. 2020, 300, 110154. [Google Scholar] [CrossRef]

	



Díaz-García, D.; Montalbán-Hernández, K.; Mena-Palomo, I.; Achimas-Cadariu, P.; Rodríguez-Diéguez, A.; López-Collazo, E.; Prashar, S.; Ovejero Paredes, K.; Filice, M.; Fischer-Fodor, E.; et al. Role of Folic Acid in the Therapeutic Action of Nanostructured Porous Silica Functionalized with Organotin(IV) Compounds against Different Cancer Cell Lines. Pharmaceutics 2020, 12, 512. [Google Scholar] [CrossRef]

	



Choudante, P.C.; Nethi, S.K.; Díaz-García, D.; Prashar, S.; Misra, S.; Gómez-Ruiz, S.; Patra, C.R. Tin-Loaded Mesoporous Silica Nanoparticles: Antineoplastic Properties and Genotoxicity Assessment. Biomater. Adv. 2022, 137, 212819. [Google Scholar] [CrossRef]

	



Ovejero Paredes, K.; Díaz-García, D.; García-Almodóvar, V.; Lozano Chamizo, L.; Marciello, M.; Díaz-Sánchez, M.; Prashar, S.; Gómez-Ruiz, S.; Filice, M. Multifunctional Silica-Based Nanoparticles with Controlled Release of Organotin Metallodrug for Targeted Theranosis of Breast Cancer. Cancers 2020, 12, 187. [Google Scholar] [CrossRef]

	



Ovejero-Paredes, K.; Díaz-García, D.; Mena-Palomo, I.; Marciello, M.; Lozano-Chamizo, L.; Morato, Y.L.; Prashar, S.; Gómez-Ruiz, S.; Filice, M. Synthesis of a Theranostic Platform Based on Fibrous Silica Nanoparticles for the Enhanced Treatment of Triple-Negative Breast Cancer Promoted by a Combination of Chemotherapeutic Agents. Biomater. Adv. 2022, 137, 212823. [Google Scholar] [CrossRef]

	



Hanif, M.; Hartinger, C.G. Anticancer Metallodrugs: Where Is the next Cisplatin? Future Med. Chem. 2018, 10, 615–617. [Google Scholar] [CrossRef]

	



Levina, A.; Chetcuti, A.R.M.; Lay, P.A. Controversial Role of Transferrin in the Transport of Ruthenium Anticancer Drugs. Biomolecules 2022, 12, 1319. [Google Scholar] [CrossRef]

	



Meier-Menches, S.M.; Gerner, C.; Berger, W.; Hartinger, C.G.; Keppler, B.K. Structure–Activity Relationships for Ruthenium and Osmium Anticancer Agents—Towards Clinical Development. Chem. Soc. Rev. 2018, 47, 909–928. [Google Scholar] [CrossRef] [PubMed]

	



Sun, D.; Wang, Z.; Zhang, P.; Yin, C.; Wang, J.; Sun, Y.; Chen, Y.; Wang, W.; Sun, B.; Fan, C. Ruthenium-Loaded Mesoporous Silica as Tumor Microenvironment-Response Nano-Fenton Reactors for Precise Cancer Therapy. J. Nanobiotechnol. 2021, 19, 98. [Google Scholar] [CrossRef]

	



Mladenović, M.; Morgan, I.; Ilić, N.; Saoud, M.; Pergal, M.V.; Kaluđerović, G.N.; Knežević, N.Ž. PH-Responsive Release of Ruthenium Metallotherapeutics from Mesoporous Silica-Based Nanocarriers. Pharmaceutics 2021, 13, 460. [Google Scholar] [CrossRef]

	



Rojas, S.; Carmona, F.J.; Barea, E.; Maldonado, C.R. Inorganic Mesoporous Silicas as Vehicles of Two Novel Anthracene-Based Ruthenium Metalloarenes. J. Inorg. Biochem. 2017, 166, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Ellahioui, Y.; Patra, M.; Mari, C.; Kaabi, R.; Karges, J.; Gasser, G.; Gómez-Ruiz, S. Mesoporous Silica Nanoparticles Functionalised with a Photoactive Ruthenium(II) Complex: Exploring the Formulation of a Metal-Based Photodynamic Therapy Photosensitiser. Dalton Trans. 2019, 48, 5940–5951. [Google Scholar] [CrossRef] [PubMed]

	



Karges, J.; Díaz-García, D.; Prashar, S.; Gómez-Ruiz, S.; Gasser, G. Ru(II) Polypyridine Complex-Functionalized Mesoporous Silica Nanoparticles as Photosensitizers for Cancer Targeted Photodynamic Therapy. ACS Appl. Bio Mater. 2021, 4, 4394–4405. [Google Scholar] [CrossRef]

	



Martínez-Carmona, M.; Ho, Q.P.; Morand, J.; García, A.; Ortega, E.; Erthal, L.C.S.; Ruiz-Hernandez, E.; Santana, M.D.; Ruiz, J.; Vallet-Regí, M.; et al. Amino-Functionalized Mesoporous Silica Nanoparticle-Encapsulated Octahedral Organoruthenium Complex as an Efficient Platform for Combatting Cancer. Inorg. Chem. 2020, 59, 10275–10284. [Google Scholar] [CrossRef]

	



Chitambar, C.R. Gallium and Its Competing Roles with Iron in Biological Systems. Biochim. Biophys. Acta BBA—Mol. Cell Res. 2016, 1863, 2044–2053. [Google Scholar] [CrossRef]

	



Ellahioui, Y.; Prashar, S.; Gómez-Ruiz, S. Anticancer Applications and Recent Investigations of Metallodrugs Based on Gallium, Tin and Titanium. Inorganics 2017, 5, 4. [Google Scholar] [CrossRef]

	



Mohan Viswanathan, T.; Krishnakumar, V.; Senthilkumar, D.; Chitradevi, K.; Vijayabhaskar, R.; Rajesh Kannan, V.; Senthil Kumar, N.; Sundar, K.; Kunjiappan, S.; Babkiewicz, E.; et al. Combinatorial Delivery of Gallium (III) Nitrate and Curcumin Complex-Loaded Hollow Mesoporous Silica Nanoparticles for Breast Cancer Treatment. Nanomaterials 2022, 12, 1472. [Google Scholar] [CrossRef] [PubMed]

	



Malekmohammadi, S.; Hadadzadeh, H.; Amirghofran, Z. Preparation of Folic Acid-Conjugated Dendritic Mesoporous Silica Nanoparticles for PH-Controlled Release and Targeted Delivery of a Cyclometallated Gold(III) Complex as an Antitumor Agent. J. Mol. Liq. 2018, 265, 797–806. [Google Scholar] [CrossRef]

	



Sargazi, S.; Laraib, U.; Er, S.; Rahdar, A.; Hassanisaadi, M.; Zafar, M.N.; Díez-Pascual, A.M.; Bilal, M. Application of Green Gold Nanoparticles in Cancer Therapy and Diagnosis. Nanomaterials 2022, 12, 1102. [Google Scholar] [CrossRef] [PubMed]

	



Mueller, E.N.; Alina, T.B.; Curry, S.D.; Ganguly, S.; Cha, J.N.; Goodwin, A.P. Silica-Coated Gold Nanorods with Hydrophobic Modification Show Both Enhanced Two-Photon Fluorescence and Ultrasound Drug Release. J. Mater. Chem. B 2022, 10, 9789–9793. [Google Scholar] [CrossRef] [PubMed]

	



Hou, J.; Zhao, Y.; Sun, L.; Zou, X. Fabrication of Mesoporous Silica-Covered Gold Nanostars for Chemophototherapy. J. Ind. Eng. Chem. 2022, 114, 115–125. [Google Scholar] [CrossRef]

	



Hernández Montoto, A.; Montes, R.; Samadi, A.; Gorbe, M.; Terrés, J.M.; Cao-Milán, R.; Aznar, E.; Ibañez, J.; Masot, R.; Marcos, M.D.; et al. Gold Nanostars Coated with Mesoporous Silica Are Effective and Nontoxic Photothermal Agents Capable of Gate Keeping and Laser-Induced Drug Release. ACS Appl. Mater. Interfaces 2018, 10, 27644–27656. [Google Scholar] [CrossRef] [PubMed]

	



Hernández Montoto, A.; Llopis-Lorente, A.; Gorbe, M.; Terrés, J.M.; Cao-Milán, R.; Díaz de Greñu, B.; Alfonso, M.; Ibañez, J.; Marcos, M.D.; Orzáez, M.; et al. Janus Gold Nanostars–Mesoporous Silica Nanoparticles for NIR-Light-Triggered Drug Delivery. Chem.—A Eur. J. 2019, 25, 8471–8478. [Google Scholar] [CrossRef] [PubMed]

	



Dadgostar, P. Antimicrobial Resistance: Implications and Costs. Infect. Drug Resist. 2019, 12, 3903–3910. [Google Scholar] [CrossRef]

	



Sánchez-López, E.; Gomes, D.; Esteruelas, G.; Bonilla, L.; Lopez-Machado, A.L.; Galindo, R.; Cano, A.; Espina, M.; Ettcheto, M.; Camins, A.; et al. Metal-Based Nanoparticles as Antimicrobial Agents: An Overview. Nanomaterials 2020, 10, 292. [Google Scholar] [CrossRef]

	



Salah, I.; Parkin, I.P.; Allan, E. Copper as an Antimicrobial Agent: Recent Advances. RSC Adv. 2021, 11, 18179–18186. [Google Scholar] [CrossRef]

	



Barras, F.; Aussel, L.; Ezraty, B. Silver and Antibiotic, New Facts to an Old Story. Antibiotics 2018, 7, 79. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, J.; Yu, Y.; Lu, R. Mesoporous Silica Nanoparticles as Carrier to Overcome Bacterial Drug Resistant Barriers. Int. J. Pharm. 2022, 631, 122529. [Google Scholar] [CrossRef] [PubMed]

	



Mateo, E.M.; Jiménez, M. Silver Nanoparticle-Based Therapy: Can It Be Useful to Combat Multi-Drug Resistant Bacteria? Antibiotics 2022, 11, 1205. [Google Scholar] [CrossRef]

	



Flores, J.C.; Torres, V.; Popa, M.; Crespo, D.; Calderón-Moreno, J.M. Preparation of Core–Shell Nanospheres of Silica–Silver: SiO2@Ag. J. Non-Cryst. Solids 2008, 354, 5435–5439. [Google Scholar] [CrossRef]

	



Misran, H.; Salim, M.A.; Ramesh, S. Effect of Ag Nanoparticles Seeding on the Properties of Silica Spheres. Ceram. Int. 2018, 44, 5901–5908. [Google Scholar] [CrossRef]

	



Pavoski, G.; Kalikoski, R.; Souza, G.; Brum, L.F.W.; dos Santos, C.; Abo Markeb, A.; dos Santos, J.H.Z.; Font, X.; dell’Erba, I.; Galland, G.B. Synthesis of Polyethylene/Silica-Silver Nanocomposites with Antibacterial Properties by in Situ Polymerization. Eur. Polym. J. 2018, 106, 92–101. [Google Scholar] [CrossRef]

	



Montalvo-Quirós, S.; Gómez-Graña, S.; Vallet-Regí, M.; Prados-Rosales, R.C.; González, B.; Luque-Garcia, J.L. Mesoporous Silica Nanoparticles Containing Silver as Novel Antimycobacterial Agents against Mycobacterium Tuberculosis. Colloids Surf. B Biointerfaces 2021, 197, 111405. [Google Scholar] [CrossRef]

	



Ugalde-Arbizu, M.; Aguilera-Correa, J.J.; Mediero, A.; Esteban, J.; Páez, P.L.; San Sebastian, E.; Gómez-Ruiz, S. Hybrid Nanosystems Based on Nicotinate-Functionalized Mesoporous Silica and Silver Chloride Nanoparticles Loaded with Phenytoin for Preventing Pseudomonas Aeruginosa Biofilm Development. Pharmaceuticals 2022, 15, 884. [Google Scholar] [CrossRef]

	



Kuthati, Y.; Kankala, R.K.; Lin, S.-X.; Weng, C.-F.; Lee, C.-H. PH-Triggered Controllable Release of Silver–Indole-3 Acetic Acid Complexes from Mesoporous Silica Nanoparticles (IBN-4) for Effectively Killing Malignant Bacteria. Mol. Pharm. 2015, 12, 2289–2304. [Google Scholar] [CrossRef]

	



Dennison, C. The Coordination Chemistry of Copper Uptake and Storage for Methane Oxidation. Chem. Eur. J. 2019, 25, 74–86. [Google Scholar] [CrossRef]

	



Giachino, A.; Waldron, K.J. Copper Tolerance in Bacteria Requires the Activation of Multiple Accessory Pathways. Mol. Microbiol. 2020, 144, 377–390. [Google Scholar] [CrossRef] [PubMed]

	



Peters, K.; Pazos, M.; Edoo, Z.; Hugonnet, J.-E.; Martorana, A.M.; Polissi, A.; VanNieuwenhze, M.S.; Arthur, M.; Vollmer, W. Copper Inhibits Peptidoglycan LD-Transpeptidases Suppressing β-Lactam Resistance Due to Bypass of Penicillin-Binding Proteins. Proc. Natl. Acad. Sci. USA 2018, 115, 10786–10791. [Google Scholar] [CrossRef] [PubMed]

	



Macomber, L.; Rensing, C.; Imlay, J.A. Intracellular Copper Does Not Catalyze the Formation of Oxidative DNA Damage in Escherichia Coli. J. Bacteriol. 2007, 189, 1616–1626. [Google Scholar] [CrossRef] [PubMed]

	



Palza, H.; Delgado, K.; Curotto, N. Synthesis of Copper Nanostructures on Silica-Based Particles for Antimicrobial Organic Coatings. Appl. Surf. Sci. 2015, 357, 86–90. [Google Scholar] [CrossRef]

	



Zhang, W.; Shi, T.; Ding, G.; Punyapitak, D.; Zhu, J.; Guo, D.; Zhang, Z.; Li, J.; Cao, Y. Nanosilica Schiff-Base Copper(II) Complexes with Sustainable Antimicrobial Activity against Bacteria and Reduced Risk of Harm to Plant and Environment. ACS Sustain. Chem. Eng. 2017, 5, 502–509. [Google Scholar] [CrossRef]

	



Tahmasbi, L.; Sedaghat, T.; Motamedi, H.; Kooti, M. Mesoporous Silica Nanoparticles Supported Copper(II) and Nickel(II) Schiff Base Complexes: Synthesis, Characterization, Antibacterial Activity and Enzyme Immobilization. J. Solid State Chem. 2018, 258, 517–525. [Google Scholar] [CrossRef]

	



Halbus, A.F.; Horozov, T.S.; Paunov, V.N. “Ghost” Silica Nanoparticles of “Host”-Inherited Antibacterial Action. ACS Appl. Mater. Interfaces 2019, 11, 38519–38530. [Google Scholar] [CrossRef]

	



Díaz-García, D.; Ardiles, P.R.; Prashar, S.; Rodríguez-Diéguez, A.; Páez, P.L.; Gómez-Ruiz, S. Preparation and Study of the Antibacterial Applications and Oxidative Stress Induction of Copper Maleamate-Functionalized Mesoporous Silica Nanoparticles. Pharmaceutics 2019, 11, 30. [Google Scholar] [CrossRef]

	



Díaz-García, D.; Ardiles, P.R.; Díaz-Sánchez, M.; Mena-Palomo, I.; Del Hierro, I.; Prashar, S.; Rodríguez-Diéguez, A.; Páez, P.L.; Gómez-Ruiz, S. Copper-Functionalized Nanostructured Silica-Based Systems: Study of the Antimicrobial Applications and ROS Generation against Gram Positive and Gram Negative Bacteria. J. Inorg. Biochem. 2020, 203, 110912. [Google Scholar] [CrossRef]

	



Videira-Quintela, D.; Guillén, F.; Montalvo, G.; Martin, O. Silver, Copper, and Copper Hydroxy Salt Decorated Fumed Silica Hybrid Composites as Antibacterial Agents. Colloids Surf. B Biointerfaces 2020, 195, 111216. [Google Scholar] [CrossRef]

	



Díaz-García, D.; Ferrer-Donato, Á.; Méndez-Arriaga, J.M.; Cabrera-Pinto, M.; Díaz-Sánchez, M.; Prashar, S.; Fernandez-Martos, C.M.; Gómez-Ruiz, S. Design of Mesoporous Silica Nanoparticles for the Treatment of Amyotrophic Lateral Sclerosis (ALS) with a Therapeutic Cocktail Based on Leptin and Pioglitazone. ACS Biomater. Sci. Eng. 2022, 8, 4838–4849. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, S.; Webster, T.J. Mesoporous Silica Based Nanostructures for Bone Tissue Regeneration. Front. Mater. 2021, 8, 692309. [Google Scholar] [CrossRef]

	



Eren, T.; Baysal, G.; Doğan, F. Biocidal Activity of Bone Cements Containing Curcumin and Pegylated Quaternary Polyethylenimine. J. Polym. Environ. 2020, 28, 2469–2480. [Google Scholar] [CrossRef]








[image: Ijms 24 02332 g001 550] 





Figure 1. Percentage of each diagnosed cancer type. Data from the International Agency for Research Cancer, World Health Organization. 
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Figure 2. Interaction of the compound cisplatin with DNA through guanines (left) and its denaturalization (right). 
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Figure 3. Vehiculation of platinum(IV) derivatives in SBA−15 showing strong antitumor activity in mice with breast cancer [50]. Representation of the adsorption and release of platinum compounds and their effect of tumors’ growth suppression in a mouse model. Copyright © Authors of the publication (open access). 






Figure 3. Vehiculation of platinum(IV) derivatives in SBA−15 showing strong antitumor activity in mice with breast cancer [50]. Representation of the adsorption and release of platinum compounds and their effect of tumors’ growth suppression in a mouse model. Copyright © Authors of the publication (open access).



[image: Ijms 24 02332 g003]







[image: Ijms 24 02332 g004 550] 





Figure 4. Scheme of Janus Pt-MSNs nanomotors with a catalytic self-propulsion for drug delivery by the catalytic reduction of H2O2 mediated by glutathione [52]. Copyright © Authors of the publication (open access). 
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Figure 5. Interaction of the compound TiCp2Cl2 with DNA phosphate groups. Blue: nucleoside, red: phosphate, black: titanocene. 
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Figure 6. Synthesis of tin- and titanium-functionalized SBA-15 materials and mechanism of programmed cell death. Adapted from reference [73]. Reproduced with permission. Copyright © Royal Society of Chemistry. 
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Figure 7. Preparation scheme of nanomaterials (purple sphere) functionalized with titanocene (organometallic compound in red), FITC (green molecule) and transferrin (multicolor macromolecule) [74]. Copyright © Authors of the publication (open access). 
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Figure 8. Antiangiogenic properties of MSNMP-SnPh3 (S3) in chick embryo assay (CAM) at 4 h post-treatment. Arrows show the main areas where reduction in the vascularization is visible [89]. Reproduced with permission. Copyright © Elsevier. 
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Figure 9. General synthetic strategy for the preparation of the three mesoporous silica systems. Purple moiety: organotin(IV) cytotoxic compound, red: enzyme-responsive linker; orange: folate fragment. (a) Incorporation of the cytotoxic agent, (b) incorporation of the targeting molecule and (c) incorporation of organotin(IV) fragment through an enzyme-response peptide. Adapted from reference [90]. Copyright © Authors of the publication (open access). 
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Figure 10. Evaluation of synergistic antitumor activity of theranostic nanoplatform in TNBC mice models. (A) Relative tumor volume increase during the treatment with the nanoparticles or placebo (control). (B) Ex vivo tumor images for all mice treated with silica nanoparticles or placebo. Significance was calculated by unpaired t-test of one-way ANOVA. *: p < 0.05 or significant statistical difference between the groups of data; ***: p < 0.001 or highly significant statistical difference between the groups of data. (C) Laser Doppler perfusion imaging (LDI) of tumor areas. (a) bright field image of control mouse, day 1 (black dotted line: tumor area at the beginning); (b) laser doppler imaging of control mouse, day 1; (c) bright field image of control mouse, day 13 (red dotted line: tumor area at the endpoint); (d) laser doppler imaging of control mouse, day 13; (e) comparison of blood perfusion in tumor area of control mouse; (f) bright field image of treated mouse, day 1 (black dotted line: tumor area at the beginning); (g) laser doppler imaging of treated mouse, day 1; (h) bright field image of treated mouse, day 13 (red dotted line: tumor area at the endpoint); (i) laser doppler imaging of treated mouse, day 13; (j) comparison of blood perfusion in tumor area of treated mouse. Significance was calculated by unpaired t Student test. *: p < 0.05 or significant statistical difference between the groups of data; **: p < 0.01 or highly significant statistical difference between the groups of data. [91]. Copyright © Authors of the publication (open access). 
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Figure 11. (A) Microscopy images of the internalization of SBA-15 in HL-60 cells, dark blue dots are due to accumulation of nanostructured material inside the cells [97], (B) TEM of MSN [98], (C) SEM of MSN [99] and (D) SEM of MSN, scale bar 200 nm [100]. Reproduced with permission. Copyright © Elsevier (A), © Royal Society of Chemistry (B), and © American Chemical Society (C,D). 
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Figure 12. Janus gold nanostar–mesoporous silica nanoparticle (white sphere) for the release of doxorubicin (red dots). Cyclodextrin gates are in green colour. Reproduced with permission from [108]. Reproduced with permission. Copyright © American Chemical Society. 
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Figure 13. Synthesis scheme of mesoporous silica nanoparticles (blue sphere) loaded with a dual system of a nicotinic acid (pink spheres) and silver chloride NPs (grey spheres) [120]. Reproduced with permission. Copyright © Authors of the publication (open access). 
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Figure 14. Mechanism of formation of ROS from Cu2+. 
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Table 1. Principal metals used in anticancer and antibacterial applications highlighting references with significant contribution of Spanish authors.
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	Metal
	Application
	Reference





	Pt
	Anticancer (phototherapy)
	[19]



	Sn
	Anticancer (pancreatic carcinoma, erythroleukemia, glioblastoma)
	[20]



	Ti
	Anticancer (Adenocarcinoma and cervix cancer)
	[21]



	Ru
	Anticancer (prostate, breast cancer, cervix and liver cancer)
	[22]



	Ga
	Anticancer (anaplastic thyroid cancer, head and neck tumor, lung carcinoma, ovarian cancer, colon carcinoma)
	[23]



	Au
	Anticancer (colon carcinoma)
	[24]



	Ag
	Antimicrobial (S. aureus, E. coli, P. aeruginosa and Mycobacteria strains M. bovis and M. tuberculosis) and anticancer (breast cancer and hepatocellular carcinoma)
	[25]



	Cu
	Antibacterial (S. aureus, E. faecalis, E. coli and P. aeruginosa), antifungal (C. albicans, C. glabrata, A. fumigatus and A. alternata) and anticancer (breast and colorectal cancer)
	[26]
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