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Abstract

:

Nanomedicine is emerging as promising approach for the implementation of oncological methods. In this review, we describe the most recent methods exploiting heavy nanoparticles and hybrid nanomaterials aiming at improving the traditional X-rays-based treatments. High-Z nanoparticles are proposed as radiosensitizers due to their ability to stop the ionizing radiation and to increase the locally delivered therapeutic dose. Other nanoparticles working as catalysts can generate reactive oxygen species upon X-rays exposure. Thanks to their high toxicity and reactivity, these species promote DNA cancer cells damage and apoptosis. Hybrid nanoparticles, composed by scintillators coupled to organic molecules, are suitable in X-rays activated photodynamic therapy. This work highlights the roles played by the diverse nanoparticles, upon ionizing radiation irradiation, according to their physico-chemical properties, surface functionalization, and targeting strategies. The description of nanoparticle qualities demanded by the oncological nanomedicine is presented in relation to the processes occurring in biological medium when X-ray radiation interacts with heavy nanoparticles, including the scintillation mechanisms, the stopping power amplification, and the disputed modeling of the effective deposit of energy within nanomaterials. The comprehension of these issues in nanomedicine drives the strategies of nanoparticles engineering and paves the way for the development of advanced medical therapies.
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1. Introduction


Today, cancer is still one of the greatest global causes of death. In 2018, there were 18.1 million new cases and 9.5 million cancer-related deaths worldwide. By 2040, the number of new cancer cases per year is expected to rise to 29.5 million with an estimation of cancer-related deaths close to 16.4 million [1,2]. Currently, regular screening and surveillance programs required for early diagnosis/intervention are the best ways to improve the outcome and survival. The diagnostic tools in use in healthcare rely on imaging methods, like optical imaging, radiography, magnetic resonance imaging (MRI), and computed tomography (CT), as well as nuclear imaging techniques [3,4]. More recently image-guided cancer treatments and molecular diagnostics have enabled to subcategorize each cancer type allowing efficient intervention with targeted therapeutics [5,6]. Over the last years, ceaseless efforts have been put by the scientific and medical communities in the cancer research with the aim of finding new diagnosis alternatives for the fabrication of simpler, broad use, and cost-effective imaging tools and scanners [7,8,9]. The most important goal is to surpass the typical drawbacks of conventional diagnostic procedures, which are, for instance, related to the choice among the available contrast agents presenting low accuracy and specificity, short half-life, low radiodensity, and rapid clearance [10,11]. These disadvantages result in the need of massive and prolonged exposure to high levels of electromagnetic radiation of the patient for the collection of images with satisfactory resolution [12,13]. Conventional cancer treatments are chemotherapy, radiotherapy, and surgery. Despite, in the past years, these consolidate procedures have enabled an active fight against cancer ensuring long-term survival and quality of life for several malignancies in oncological patients, their broad use has been always associated to diverse drawbacks and side effects. One of the main problems of chemotherapy is the low specificity of chemotherapeutic drugs for cancer cells. Chemotherapy suffers from non-specific biodistribution and poor tumor accumulation of the therapeutic drugs, resulting in high toxicity, damages of the healthy cells, as well as systemic side effects [14,15]. Surgery can represent the only potentially curative therapy of high-risk patients. However, the high tumors recurrence rate associated with surgical resection as single oncological protocol is responsible for a significant morbidity and failure percentage in many malignancies [16]. Lastly, the radiation therapy is limited by the maximum cumulative radiation dose allowed without incurring significant injuries to the adjacent tissues or organs [17,18]. More recently, small molecules-based therapies and immuno-oncology have been demonstrated to be effective owing to some recent successes in the clinic [19,20]. Besides the monotherapies, the combination of the established and accessible therapeutic protocols with immunotherapy has been validated to be efficient in cancer patients [21,22]; however, the ability of the molecular agents used in immunological therapies to reduce immune suppression, or to enhance activation of cytotoxic processes in the tumor environment is associated to a severe toxicity, whose side effects results under debate [23,24].



Novel and targeted cancer therapeutic techniques have been recently developed to guarantee effective, efficient, affordable, and less invasive cancer cares to patients [25]. The search of developing tailored treatments for specific oncological demands has found its productive ground in the branch of nanomedicine; in order to visualize the timetable of the scientific efforts boosting the research on nanomedicine, we the proposed, for instance, works and reviews published in the recent twenty years [26,27,28,29,30,31,32]. The European Medicines Agency (EMA) defines nanomedicine as including all applications of nanotechnology and nanoparticles for tumor targeting, imaging, and therapy [27,33]. Nanoparticles (NPs) definition refers to those materials as large as 1- to 100-nm made from both inorganic and organic materials. NPs can be administered systemically (via injection inhalation, and oral intake) or locally (via intratumoral delivery and implantable devices such as implants loaded with NPs or anticancer agents) [34,35,36,37]. Organic based NPs used in biomedical applications include liposomes [38], polymer constructs [39], and micelles [40]. Inorganic NPs comprise mostly metal, semiconductor, and insulating systems (see [41] and within references to have an overview of the available NPs). Within the past few decades, inorganic NPs have been proposed in the biomedical fields for the implementation of the cancer therapies (chemotherapy, drug delivery [42,43], and hyperthermia [44,45], as well as radiotherapy, photodynamic therapy and X-ray activated photodynamic therapy [17,46]), or for the use as diagnostic agents for imaging techniques [12], as well as for the applications as theranostic tools for oncology and other fatal diseases [47]. The attractiveness of these NPs relies on the versatility and tunability of the physico-chemical qualities, which depend on their composition, morphology, size, and high surface-to-volume ratio. Specifically, NPs modifiable features, like shape, size, and surface charge [28], are key aspects for surface accommodation of functional groups or hydrophobic molecules. The functionalization of NPs surfaces results in enhanced solubility and biocompatibility, in improved stability and retention time in bodily fluids [48,49], and in the ability of the nanosystems to cross physiological barriers for their use in vivo [50]. Moreover, the engineering of the NPs surfaces by targeting ligands enables the specificity of their diagnostic and therapeutic activity towards the malignancy and illness sites in the patients’ body and the release of the antitumoral drugs in a stable and controlled manner [51,52]. The adjustment of the physico-chemical properties of NPs by facile doping strategies as well as by the engineering of their size, crystallinity, and surface chemistry would also affect their luminescence behavior. Fluorescent NPs, such as lanthanide doped inorganic nanoparticles [53,54,55], quantum dots [56], silica based nanosystems [57,58], as well as metal clusters and nanoparticles [59,60] have been proposed for in vitro and in vivo bioimaging, sensing, drug delivery, and light-triggered oncological therapies. The tuning of the luminescence is a crucial point to satisfy the performance requirements demanded to the nanomaterials for their exploitation in medicine [53,61,62]. Even though many NPs are composed by purely organic and inorganic materials, the development of organic/inorganic hybrid materials is eagerly hunted; hybrid NPs in form of core-shell structures, metal organic frameworks (MOFs), or of nanocomposites where hybrids NPs are dispersed into a polymeric matrix, enable to create a new class of functionalized theranostic NPs that possess unique advantages, exploiting synergistically the feature of their single components [63].



The world of nanomedicine and nanotheranostic is wide and covers many frontiers of medicine. The use of NPs of diverse composition can represent an alternative to the traditional oncology and, in parallel, a way to implement the established therapies and diagnostic tools. In this review, we focus our attention on the utilization of NPs in the X-rays based oncological treatments, with efforts in describing the multiplicity of the roles that the diverse NPs can play according to their compositions and surface functionalization from the radiosensitization in radiotherapy (RT), to the triggered activation of cancer killing agents in the photodynamic therapies (PDT) and in the X-ray activated photodynamic therapy (X-PDT). NPs suitable for X-rays can be divided in a simple way into passive and active nanoparticles. Passive nanomaterials include dense and high atomic number (Z) NPs (for instance, metal containing nanoparticles), able to efficiently stop the ionizing X-ray radiation enhancing the energy deposition within the tissue and thus increase the RT effects at lower doses. A group of active nanoparticles, such as inorganic photo (-and radio) catalysts, possess lower Z than the passive NPs but can sensitize the RT effects by generating an excess of reactive oxygen species (ROS) in cells upon X-rays and by causing ROS-dependent functional disorder/cell death/apoptosis. Another class of active NPs comprises inorganic/organic multicomponent systems allowing a dual effect because of the interaction with the ionizing beam: firstly, an improved response to the external stimuli due to the inorganic dense part; and then the triggered activation of cancer killing agents, such as singlet oxygen sensitizer, nearby the malignancy.



Specifically, in this review we present especially the use of inorganic NPs and hybrids that can efficiently interact with the ionizing irradiation in the RT. The use of organic NPs will be only briefly pictured for topic completeness, regarding especially the possibility to employ light molecular photosensitizers, like porphyrin molecules, with X-ray radiation. The exploitation of biomolecules and drugs in chemo-radiotherapy able, for instance, to increase the cells susceptibility to radiation [64] or inhibit the DNA repair after the treatment [65] are not included in this review.




2. Radiotherapy Mechanism


Radiotherapy is one of the most effective and widely used cancer therapeutic modalities. About 50% of cancer patients are treated with radiotherapy for curative and palliative purposes both as single therapeutic modality and in combination with other treatment methods [66,67]. Although RT cannot be applied to all types of cancer, it is established as a principal option for treatment of many malignancies, such as breast carcinoma, lung carcinoma, melanoma, gastrointestinal cancers, head and neck cancers, gynecological cancers, hematologic malignancies, prostate or cervix tumors, central nervous system neoplasms and thyroid carcinomas, as well as for an effective reduction of pain in the of case bone and brain metastases [68,69].



RT exploits ionizing beams—X-rays or radiation emitted by radionuclides—to stop the rapid proliferation of cancer cells and to achieve the therapeutic goals [70,71]. For the description of the RT mechanism, this review focuses mainly on RT applied by an external X-ray source. As summarized in Figure 1, the interaction of the high energy radiation within tissues induces the killing of tumor cells directly by the damage of the DNA and of the molecular structure leading to the termination of cell division and proliferation, and even to cell necrosis or apoptosis; otherwise, cancer cells destruction can arise indirectly from the formation of cytotoxic ROS upon interaction with the cellular aqueous environment [72,73]. A detailed description of biochemical reactions occurring in cellular environment upon the interaction with the ionizing radiation is depicted by Clement and co-worker in Ref. [65]. Briefly, in cellular environment, water radiolysis by ionizing radiation results in the formation of several species, mainly: e−aq (hydrated electrons), HO• (hydroxyl radicals), H• (hydrogen radicals), H2 (radiolytic hydrogen), H2O2 (hydrogen peroxide), and HO•2 (hydroperoxyl radical). Afterwards, these products can react and create further ROS, such as O−2 (superoxide), organic radicals (R•), hydroperoxides (ROOH), and singlet oxygen (1O2). Under physiological conditions cells generate a certain amount of ROS, whose concentration is regulated by the antioxidant system to maintain cellular homeostasis. Perturbing the cellular balance by radiation-induced ROS creation leads to oxidative stress that can trigger DNA damage and other cell death mechanisms, for instance by necrosis, apoptosis, autophagy, mutation, and senescence.



Whatever the cancer cells killing mechanism, i.e., by physically direct ionization or using free radicals by water ionization, the goal of radiotherapy is to deliver the maximum dose to the target tumor tissue while safeguarding the surrounding normal tissue. Clinical radiotherapy uses high-energy external X-ray beam, from 6 MeV up to about 20 MeV, from linear accelerators. In typical launched protocols, patients are treated through fractionated regime with dose of 1.8–2 Gy over the course of 4–8 weeks to limit toxicity to normal tissues [74] but in advanced treatment planning the delivered dose to cancer can reach values close to 15–20 Gy [75]. Interactions of such X-rays with biological tissue can occur by (1) photoelectric effect, (2) Compton effect, and (3) pair production, according to the energy of the external X-ray source. In clinical RT the X-rays beams of few tens of MV are widely used for deep seated tumors, while low energy beams (up to 200 kV) have very few applications due to the lower penetration depth (<5 mm) [76]; at these working energies the Compton and the photoelectric effects are dominant (Figure 2), and the deposit of their energy occurs through a cascade of secondary photoelectrons and Auger electrons, stimulating all the radiobiological effects above depicted.



The radiobiological effects and efficacy in producing a permanent DNA damage in cells are related to the type and the energy of interacting radiation by the linear energy transfer (LET) physical factor i.e., energy deposited per unit distance along the ionization track. LET is higher for heavy ions than for photons (for example a 250 keV X-ray photon have an average LET of 2 keV/μm, whereas alpha particles LET is of hundreds of keV/μm) [78]. The main difference between high LET radiation and low LET radiation is due to a diverse induction of DNA damage that is the primary target required for cell killing: it has been proven that high LET radiation causes more extensive and less repairable cellular damage by very dense events of energy deposition along the track, without penetrating deeply into the human tissues; in turn low LET X-rays deposit energy in tissue in a highly dispersed manner and are thus able to reach deeper tissue penetrations [79]. In RT, the secondary products of the first ionizing event, especially of the photoelectric effect, include the Auger electrons. High LET makes the Auger electrons highly toxic to the cells inducing damage in macromolecular targets of a cancer cell and in the cell membrane, as detailed reviewed in [80] by A. Ku and co-authors, who display the use of Auger electrons in radiation dosimetry and for cancer treatments, such as targeted radiotherapy.



From the above picture, it is evidenced that the effective result of RT and the estimation of the dose deposited in the malignancy environment depend on the interactions in tissue involving a given particle and secondary particles. The modeling of the energy deposition by the ionizing radiation and the following radiobiological consequences are of fundamental importance towards the goal of surpassing the common drawback afflicting RT, like the lack of tissue selectivity, hindering the discrimination between the tumor and the healthy cells, and the need of high energy primary beam enabling the penetration of the radiation in deep tumors and the release of an amount of energy adequate to start the biochemical ROS production to destroy the proliferation of the malignant cells. The most advanced strategies exploit the use of NPs to enhance a localized therapeutic effect of RT, in order to reduce the local dose to be delivered and the toxicity towards normal surrounding tissue, and thus to improve the quality of life of the patience during and after the radiological treatments.




3. Nanoparticles in Radiotherapy


In the following sections, we aim at describing the most used and promising NPs that can be exploited in RT to overcome its limitations and to combine the common RT procedures with novel challenging strategies. Among these strategies, this review emphasizes the X-PDT. Nanomaterials are classified into passive (mostly inorganic containing heavy elements) and active (inorganic nanocatalysts and nanohybrids) NPs. For clarity, a summary of the properties and the application area of the NPs presented in the manuscript is provided at the end of this section, in Table 1. It is worth to notice that the boundaries of the NPs classes are smooth. In particular, the categorization of the passive and single component inorganic active nanosystems is rather shaky. We have arbitrary chosen to consider as passive NPs all the dense and high Z systems that enable to enhance the energy depositions in the cancer environment; in turn, only nanometric catalysts with lower Z are sorted as active NPs enabling generation of ROS thanks to the high reactivity of their surface upon irradiation. Nevertheless, we are aware that (as discussed in Section 2) ionizing radiation, by interacting with passive heavy NPs, produces secondary charges that contribute at generating ROS localized in the neighborhoods of the ionizing event.



3.1. Passive Nanoparticles as Enhancers of Energy Deposition in RT


The scientific and medical communities strive to find X-ray based therapeutic solutions with the aim to improve the survival rate and life quality in oncological patients subjected to RT by reducing the illness recurrence, which is related mostly to the massive doses required for stopping the cancer cells division but delivered also towards the surrounding healthy tissue. High Z and dense inorganic nanomaterials represent the key to reduce RT parameters, such as external beam energy, delivered dose, and exposition time, while boosting all the toxic and fatal effects of the radiation [74,76]. The idea to exploit high Z materials comes from simple considerations. Indeed, the presence of heavy NPs in a regime of low energy ionizing radiation (<60 keV) maximizes the X-ray beams attenuation by photoelectric effects, whose cross section σ depends on (Z/E) n, with n ≅ 3–4 [77]. This dependency reveals that high Z materials turn out to be supportive in RT by enhancing the deposit of energy in the tumor and in the proximity of the malignant cells (thus, the dose delivered during radiotherapy) [81].



Since the early 1970s, the ability of diverse materials, like water/tissue equivalent materials, alloys of metals, and heavy metals, at stopping the ionizing radiation have been tested for applications in radiotherapy [82]. Later, it has been discovered that metal implants, composed by aluminum, tin, stainless steel, titanium, and lead, can alter the delivered doses in radiotherapy in patients affected by neck and mandibular cancers, due to the difference in Z value between the biological tissues and the metals [83,84]. In the last few decades, the scientific research has looked at the capacity of nanosized heavy metal particles in promoting the dose delivery in cancer tissue as a chance to improve the RT procedure and its therapeutic outcomes, due to the correlation between the enhanced energy dose and the increased cancer cell destruction [85].



Over the past few years, NP sensitizers have been proposed in combination with radiotherapy in order to improve tumor response and control the disease growth. For instance, there has been lot of interest in metallic—gold, gadolinium, silver, bismuth, and platinum—and bimetallic based NPs, as well as in nanometric metal oxides [86,87]. Thanks to the high atomic number, good biocompatibility, and relatively strong photoelectric absorption coefficient, gold nanoparticles (AuNPs, Z = 79) are largely studied for diagnostic and therapeutic applications in cancer therapy [88]. Especially, Au nanoparticles have been under investigation as possible agents for amplification of radiation dose in tumors, in the so called “gold nanoparticle-assisted radiation therapy”. From the first decades of 2000’s, AuNPs’ action has been predicted to increase the fraction of the X-rays energy deposited close to gold NPs because of increased photoelectric interactions, thereby enhancing the local radiation dose also according to their shape, functionalization, concentration, and intracellular distribution [89]. In vivo studies performed by Hainfeld et al. [90] and Herold et al. [91] by injecting Au NPs and microspheres in tumor-bearing mice, have reported the occurrence of biologically effective dose enhancement by using kilovoltage photon beams; while the use of isotopes producing low-energy photons has been foreseen for significantly improving the clinical potential of interstitial brachytherapy. More recent works assess the Au actions considering the increment of dose together with the corollary activation of ROS within malignant cells [92] (see for example Figure 3 reproduced from Ref. [92]). On-going research promotes the optimization of nanoparticles targeting and functionalization to reduce the total doses to be delivered, and to combine ionizing radiation with other therapeutic modalities [93,94,95,96]



A valid candidate as sensitizers of RT is Gadolinium (Gd, Z = 64). In addition to its well-known application as contrast agent in MRI, recently the additional role of gadolinium nanostructures in RT has been modeled by computational analysis. Modeling results reveal the capability of Gd NPs at increasing the final delivered dose to the tumors site and the suitability in brachytherapy applications [97,98]. Moreover, studies on gadolinium-NPs, namely AGuIX, confirm the occurrence of sensitization under ionizing radiation in vitro assay on HeLa cells, revealing the attractiveness of gadolinium-based NPs as alternative to the widely used gold NPs for improving the efficacy of radiation cancer treatments [99].The use of platinum (Pt, Z = 78) NPs (PtNPs) as promising radiation sensitizers in radiotherapy cancer treatment has come into light in a small number of works with respect to the Au and Gd NPs. For instance, in 2010, it has been examined the case of platinum nanoparticles upon irradiation by fast carbon ions (LET = 13.4 keV μm−1). Their use enables the strong enhancement of the biological efficiency of ionizing radiations and the amplification of tumor cells DNA lethal damage (single strand breaks, and mostly double strand breaks) induced by irradiation; moreover, formation of radicals in PtNP proximity has been proved to further contribute to the DNA strand breaks [100]. More recently, porous Pt NPs have opened the way for novel therapeutic strategies. Indeed, while promoting radiation induced cell cycle arrest by an effective energy deposition within the cancer cells, porous Pt systems enable also to generate oxygens (O2) from hydrogen peroxides (H2O2). The final outcomes of exploiting porous Pt NPs are the formation of DNA breaks with the generation of ROS and, at the same time, the hampering of the establishment of hypoxia condition in the tumor, being one of the major causes of cancer radioresistance [101].



Metal oxides nanoparticles are considered an alternative to full metallic systems. Hafnium oxide (hafnia, HfO2) has been considered in RT as sensitizer to increase energy dose deposit within cancer cells, owing to its high atomic number, electron density, and chemical stability. Hafnium (Z = 72) oxide nanoparticles (NBTXR3) have been designed in terms of size, surface charge, and shape, to concentrate in tumor cells to achieve intracellular high-energy dose deposit with reduced health hazards. Monte Carlo simulation considering a high-energy source of a few MeV predicts an enhancement of local energy deposit, within and close to the tumors where NPs are located, almost 9 times larger with respect to RT alone. In vitro and in vivo studies on the HT1080 fibrosarcoma cell line with NBTXR3 nanoparticles with high-energy sources confirm the results of the simulation, denoting a higher radio-induced cancer cell destruction rate in presence of high Z NPs [102]. Another recently discovered effect of NBTXR3 marks their ability to impact on the activation of the antitumor immune-response, open the way for their use in radio-immunotherapy [103]. Other interesting high Z materials enabling strong absorption of X-rays, are tantalum pentoxide (Ta2O5) NPs and bismuth oxide nanoparticles—Bi2Se3, Bi2S3, and Bi2O3, the latter showing a multiplicity of characteristics for multimodal imaging, radiosensitization, as well as in radioprotection [81].




3.2. Active Nanoparticles and Catalysts Inducing ROS Generation


As extensively explained above, the augmented photoelectric effect cross section in presence of NPs with heavy Z enables the creations of secondary charges, mostly Auger electrons, and the productions of direct and indirect DNA cancer cells damages. However, as reviewed by Guerreiro et al. in Ref. [104], there are many evidences that also metal oxide NPs with lower atomic number (made up by Si, Al, Ti, Zn, Fe, Ce and Mn for instance) are responsible of radiosensitization phenomena within tumor cells. This output is imputed to the chemical and catalytic activities of the NPs surfaces contributing to the overall generation of radiation-induced radicals. From a general point of view, nanocatalysts are materials able to produce ROS under high energy light (photocatalysts) and ionizing radiation (radiocatalysts) to decompose unwanted chemical and biological agents. Despite the attempt to treat the radiocatalysis as similar to the well-known photocatalysis [65], it is worth to notice that the use of ionizing radiation guarantees diverse advantages, such as the increased rate of a catalytic reaction, the acceleration of degradation of pollutants, the overcoming of limited penetration of UV/Visible (Vis) light in solutions and biological tissue, as well as the possibility to use a wider range of catalyst also with wider band gap (Eg) and greater redox capabilities [105,106,107]. If we consider the case of (nano) titanium oxide, TiO2, as representative of photo-/radiocatalysis in semiconductors, catalysis phenomenon can be summarized in the following steps: (1) excitation by high energy ionizing radiation or light source with energy larger than the Eg of the material; (2) promotion of an electron (e−) from the valence band to the conduction band, and the concomitant generation of a hole (h+) in the valence band; in an efficient nanocatalyst, where recombination of the generated e−/h+ is restrained, the last step (3) is the diffusion of e−/h+ charges towards the materials surface to rapidly (in sub-nanoseconds time range) initiate redox reactions among reactants adsorbed at the nanocatalyst surface, and to start the formation of ROS. In presence of aqueous environment, electrons reduce molecular oxygen forming superoxide radical anion; hydroxyl radicals and hydrogen peroxide molecules are induced by the holes oxidizing water molecules and hydroxide ions. In TiO2, it has been also proven the occurrence of singlet oxygen creation (1O2) after oxidation of superoxide radical ion [108,109,110]. The reactive species, especially hydroxyl radicals, can be used to decompose a variety of pollutants in environmental applications [111]. More important for the goal of this review is the effective damage that the generated ROS can produce on DNA of cancer cells and biomolecules, thus contributing to the biological damage induced during radiotherapy, as well as to the lethal prolonged metabolic oxidative stress after irradiation [112]. Due to the large active surface area, it has been established the importance of morphological features (e.g., size, composition, specific surface ligands, surface charges) on the amount of ROS generated by NPs [113]. Numerous examples in the literature report chemistry strategies to fix up the NP surface properties also through functionalization/coating procedures [114,115].



In this review, we aim at providing straightforward examples illustrating the importance to conduct further research on lower Z radiocatalysts, whose effect in reducing cancer growth in RT is as effective as the one of high Z and dense NPs, thanks to the boosted ROS productions. We consider two well-known radio-photocatalyst NPs, specifically titanium and zinc oxide (TiO2 and ZnO, respectively), which have been approved by Food and Drug Administration (FDA) [116]. In nanomedicine, the ability of ZnO and TiO2 in producing ROS by themselves under UV/Vis excitation has been exploited for the photodynamic therapy [117]. Indeed, PDT is considered as a clinically deployed efficient and non-invasive alternative to the surgery and to the current oncological therapies. PDT is based on the cytotoxic effects originating when biocompatible photosensitizers (PSs) are photoexcited, producing ROS and singlet oxygen moieties that induce the cell death through oxidative damage of cellular membranes [118]. PSs can include organic dyes and aromatic hydrocarbons, porphyrins and related photosensitizers, transition metal complexes, and semiconductors [119]. Unfortunately, the PSs approved for routine PDT treatment require UV/Vis light to be activated. In this spectral region, the human tissue transparency is low, thus making PDT ineffective for tumors seated at depths larger than 1 cm [120]. Interestingly, TiO2 and ZnO have been proved to create ROS also under ionizing radiation and to be suitable for X-ray based oncological treatments. For instance, a work of Youkhana, Esho Qasho, et al. reports the radiosensitization phenomenon in presence of anatase TiO2 NPs under X-ray beam with energy set from keV to MeV [121]. Tests on cell viability assays have been performed on phantoms and in vitro to determine cells survival curves and the dose enhancement percentage. The obtained results evidence the occurrence of sensitization driven by two different mechanisms: in the keV range, the photoelectric effect coupled to the difference in the atomic numbers of the biological tissue and the TiO2 NPs are responsible of the dose enhancement; when MeV energy is used, the cross section of the photoelectric effect decreases while the active catalytic surfaces of the NPs start to play the major role in the generation of cell killing ROS, leading to the final therapeutic sensitization of RT. The possibility to take advantage of the two mechanisms, i.e., photoelectric and Z-dependent radiosensitization, together with the generation of ROS capable of destroying tumor cells by nanocatalysts, is at the base of the development of novel composite materials, like Au nanoparticles supported on TiO2 (Au@TiO2), enabling the simultaneous and synergetic establishment of the two processes, which lead to superior performances over the single elements [122].



Nanoparticles of ZnO are attractive materials for biomedical applications due to noticeably low toxicity. ZnO NPs have been widely explored for anticancer, antidiabetic, antibacterial, antifungal, and anti-inflammatory activities, as well as for drug delivery applications. Especially, ZnO NPs anticancer action relies on their ability to trigger ROS generation and apoptosis mechanisms under external excitations. Recently, the X-ray radiation-induced therapeutic behavior of ZnO NPs coated by a silica layer (ZnO/SiO2) has been studied on prostate adenocarcinoma cell lines. The potentiality of ZnO/SiO2 nanoparticles to increase radiation-induced killing of the cells has been validated by comparing cells survival after RT with and without NPs. Results display a 2-fold augmented killing rate in presence of ZnO based NPs; the findings show the active response to ionizing radiation of ZnO/SiO2 by means of the radiocatalytic mechanisms occurring at its surface. The proven catalytic reactions induced by high energy radiation make ZnO/SiO2 nanoparticles suitable for biomedical applications [123]. The combined use of ZnO with chemotherapeutics represents a step forward in the use of ZnO as anticancer. The loading of the anticancer drug, like doxorubicin as in ref [124], into the ZnO nanoparticles, results in an augmented cytotoxicity effects of the cancer therapy, due to the simultaneous combination of the anticancer action of the drug with the lethal ROS production by ZnO. Current research on nanocatalysts for RT focuses on other oxides, like superparamagnetic iron oxide nanoparticles (SPIONs) that, although the relatively low atomic number of iron (Fe, Z = 26), are used in combination with kV and MV X-rays beams and allow to enhance the impact of X-rays in tumor cells thanks to the production of ROS from catalysis reaction at the oxides surface [125]. Also, studies on cerium oxide NPs (CONPs) have demonstrated their capacity to enhance ROS production during RT in human pancreatic cancer cells and, at the same time, to play a protective role from toxic side effects of RT in normal tissues [126].




3.3. Multicomponent Nanoscintillators for X-PDT


The attempt of finding oncological cures alternative to surgery, chemotherapy and radiotherapy relies on the use of selective and non-invasive approaches with reduced side effects. In the previous paragraph, we mentioned at the advent of PDT as FDA approved oncological treatment, which has been proposed as alternative to the RT for the treatment of primary tumors of skin, esophagus and lung. Far from being an exhaustive explanation, in brief, PDT principle is based on photoexcitation of a PS (among which we can mention noble metal complexes, metal organic frameworks, metal oxides or carbon-based nanostructures, as well as polymeric PS and small organic moieties [127]) to locally generate ROS species and cause cancer cells death. After interaction with light, the PS is excited from ground state (S0) to unstable singlet excited states. In particular, the first excited state (S1) may undergo intersystem crossing (ISC) to form a more stable excited triplet state (T1) with longer lifetime (≈µs). Triplet state of PS can produce ROS by interacting with water and molecular oxygen. The first interaction generates free radicals (type I), while the second one produces singlet oxygen moieties (type II). However, the most common PSs can be excited by UV/Vis light; in this wavelengths range light is reflected and scattered by the human tissues, rendering the PDT ineffective for deep-tissue treatment [128]. Moreover, PDT painful side effects can appear immediately after treatment as well as after months. In the literature, many research studies have been reviewing in detail the PDT processes, the advantages and limitations, together with the PSs guideline, for instance see refs [129,130,131,132,133]. One possible solution relies on the so-called second-generation photosensitizers showing higher molar extinction coefficient in the near-infrared region where biological tissues present a transparency window [134,135]. Thanks to their high penetrability, X-rays offer another solution for adapting the PDT principle to deep tumors. From the first decades of the last century extensive studies have displayed the activation of the PS under ionizing radiation [136,137]. Recently, an extensive review by Larue et al. has offered an overview on the efficacy of X-rays in enhancing the toxic activity of some PSs, like hematoporphyrin derivatives, protoporphyrins, or metalloporphyrins They have listed the available photosensitizers used as radiosensitizers or as precursors of PDT effects in combination with radiation therapy [138].



A step forward in the progress of alternative therapies is provided by the so-called X-PDT. The strategy counts on the employment of scintillating nanoparticles (nanoscintillator; NS), able to convert the ionizing radiations into ultraviolet or visible light through a three stage scintillation process consisting in-conversion, transport, and luminescence [139,140]. NS can be embedded in a biological surrounding, where both the absorption of X-rays by the NS and the deposition of energy by the exciting beam (or the following secondary particles) in its proximity can occur. Afterwards, NS can emit fluorescence (Figure 4a), alternatively, when NS is embedded in biological environment with other elements (organic dyes and therapeutics, for example), the energy can be transferred to the secondary moieties through multiple radiative emission/reabsorption process and/or through efficient energy transfer mechanisms (ET). The interaction can occur between the high-energy beam and the aqueous environment with the consequent excitation of the NS and then the activation of organics nearby (ET′); or the NS can directly absorb the X-rays and transfer the energy to the dye (ET″). Lastly, also the organic molecules can interact with the primary beam by themselves (ET‴) (Figure 4b). In X-PDT, high Z and dense NS are designed to be grafted by a PS therapeutic agent (Figure 4c). In order to employ energy transfer from the NS to the PS for triggering the ROS and 1O2 production, the PS absorption spectrum should be resonant with the NS emission. Potentially, the exploitation of X-rays and heavy NS fulfills all the constraints for RT applications and for inducing radiosensitization (Section 3.1); at the same time, the use of PS, mostly 1O2 producing PS, being attested to be more efficient in the killing of malignant biological tissues and cells [127], guarantees an additional cytotoxicity towards the cancer cells destruction, mimic the action of the traditional PDT. The outcome of the RT- and PDT coupling remains unclear: besides the concept that the final result is just a sum of the effects from the two individual therapies, it has been demonstrated that X-PDT can produce important synergetic effects resulting in an improved efficiency in killing the tumor cells and in the overall reduction of the total dose to the patient [18].



Many inorganic nanomaterials like oxides, fluorides, silica-based nanostructures and semiconductor nanocrystals have been combined with organic photosensitizers towards X-PDT applications [141,142,143,144,145,146,147,148]. We can consider, for instance the case of silica-based nanotubes coupled to PS, displaying noteworthy therapeutic effects thanks to the synergy between RT and PDT [149]. Previous studies have proved the low toxicity of stoichiometric chrysotile [Mg3(Si2O5)(OH)4] nanotubes featuring also the ability to pass the blood brain barrier, potentially important in cancer brain treatments [58]. Thanks to their density, chrysotile nanotubes have been proven to respond to X-ray irradiation by emitting light in the blue wavelength range, suitable to excite meso-tetra(4-sulfonatophenyl) porphyrin (H2TPPS4−) as PS. Thus, the surface of chrysotile scintillating nanotubes has been functionalized by an ionic self-assembly strategy with this efficient PS, able to produce singlet oxygen toxic species upon photoexcitation (Figure 5a). The study of luminescence behavior under X-rays (RL) and light (PL) excitations discloses the occurrence of a fast energy transfer (in ps range) from the chrysotile to the PS, together with the sensitization of singlet oxygen production upon ionizing radiation (Figure 5b). As expected, also bare nanotubes enable a sensitization of the 1O2 under ionizing radiation, due to the enhancement in energy deposition in presence of elements with higher Z than the surrounding biological medium. A further stabilization of the functionalized nanotubes has been obtained by covering their surface with polymeric shell. This ultimate composition boosts the ability of the NS to enhance the production of singlet oxygen in an aqueous environment by ET mechanism to PS under X-ray irradiation. Tests in vitro—mimic the radiotherapy dose depositions—show that stabilized chrysotile nanosystems functionalized with porphyrins enable to sensitize the singlet oxygen species at the lowest doses thanks to the contribution of a high-density material, and the effective toxic action of PSs activated by the nanoscintillators (Figure 5c,d). This opens the possibility of effectively reducing the high-energy radiation exposure of patients during oncological therapies.



Metal-organic frameworks containing a heavy metal, such as Zr or Hf, have shown attractive scintillating performances; especially, MOF architecture can include high energy radiation interacting dense nodes linked through photosensitizer molecules for therapeutic and diagnosis applications [150,151,152]. A variation of the organic component allows for structural modifications useable to tailor the MOF properties quite easily, thus enabling the fabrication of molecular-size MOFs—based scintillators where organic dyes or therapeutics can be used as ligands interconnecting high Z NS. In this architecture, the proximity of NS and ligands enables the prompt activation of the ligands by energy transfer, after the interaction of ionizing radiation with the scintillators. The adaptability of these nanometric architectures has been exploited by Lu et al. in [152] to create cutting edge Hf based scintillating MOF (nMOF) for simultaneous X-PDT and immunotherapy (Figure 6). The synergetic combination of radiotherapy and immunotherapy represents a step forward towards the extension of the applications of radiotherapy for both local and systemic tumor rejection, by positively reducing the high-dose related RT toxicity.



In this work, hybrid nMOFs have been designed by linking Hf clusters and porphyrin-based photosensitizer ligands. The nMOFs exhibit the suitability to activate X-PDT mechanisms and the ability to stop the ionizing radiation and to trigger efficiently the 1O2 species creation by PS (Figure 6f,g). In vitro experiments display that hybrid nMOF can induce cytotoxicity and DNA double-strand breaks for doses < 1 Gy, i.e., lower than the doses typically delivered in X-rays based oncological therapies. Cancer killing action by nMOF has been demonstrated in vivo by injection in subcutaneous tumor models of radioresistant head and neck squamous cell carcinoma (SQ20B), glioblastoma (U87M G) and prostate cancer (PC-3) xenografts, and into colorectal cancer (CT26) tumor-bearing mice. All tested cancer models disclose a rapid tumor regression at extremely low X-ray doses with minimal toxicity. Being a porous system, nMOF channels and pores have been loaded also with small-molecule IDO inhibitor (IDOi), which are able to reverse immunosuppression and control tumor growth, for the activation of immunotherapy modality. The synergy between IDO inhibition and X-PDT upon low-dose X-ray irradiation leads to the local regression and eradication of the tumors in in vivo models. Moreover, the blockade of inhibitory checkpoints by IDOi has been evaluated to reduce other systemic tumors placed far from the irradiation points. A comparison with no porous Hf based systems (NBTXR3; Nanobiotix), commonly used as sensitizer in RT, reveals the efficacy of the synergetic treatments with respect to the individual therapeutic modalities. The use of nanosystems with tunable properties, such as scintillating MOFs, enables to design materials with multiple therapeutic actions that can be simultaneously activated by X-rays at low doses resulting in a synergism among the treatments.
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Table 1. Table summarizing the properties of the diverse nanoparticles, explored in the manuscript, together with the proposed application and the expected effects in RT, the type of radiations (with the final delivered dose), and the stage of the investigation (in vitro or in vivo studies).
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	Type of NP
	Size
	Surface Functionalization
	Type of Radiation
	Maximun Dose
	Application
	Type of Studies
	Ref.





	Gold NPs
	15 nm
	Capped with citrate
	X-rays (50 kVp);

Carbon ions (165 MeV/u);
	4 Gy
	Passive Radio-sensitization
	In vitro
	[92]



	Gadolinium NPs
	sub-5 nm
	Coated with polysiloxane shell
	X-rays (220 kVp);

gamma rays (6 MV)
	8 Gy
	Passive Radio-sensitization
	In vitro
	[99]



	Porous platinum NPs
	116 nm
	Conjugated with PEG
	X-rays (250 kVp)
	10 Gy
	Passive Radio-sensitization
	In vivo
	[101]



	Hafnium oxide NPs
	50 nm
	Coated with a biocompatible agent
	Gamma rays (1.25 MeV and 0.38 MeV)
	4 Gy
	Passive Radio-sensitization
	In vitro and in vivo
	[102]



	Anatase titanium oxide NPs
	30 nm
	Functionalized with amine or PEG
	X-rays (80 kV and 6 MV)
	8 Gy
	Active ROS generation
	Phantoms and in vitro
	[121]



	Zinc oxide NPs
	8–100 nm
	Coated with silica shell
	X-rays (200 kVp)
	10 Gy
	Active ROS generation
	In vitro
	[123]



	Cerium oxide NPs
	5–8 nm
	None
	X-rays (160 kV)
	5 Gy
	Active ROS generation
	In vitro
	[126]



	Chrysotile NTs
	20 × 60 nm
	Functionalized with PEO and porphyrin
	X-rays (20 kV)
	12 Gy
	X-PDT
	In vitro
	[149]



	DBP Hf nMOF
	72 nm
	None
	X-rays (225 kVp)
	1 Gy
	X-PDT
	Tumor models
	[152]










4. The Effect of the Energy Release vs. X-PDT Efficacy


The perspective of discovering novel materials mostly shaped in form of organic and inorganic nanoparticle or hybrids demands a deeper comprehension of the processes occurring within the material after the interaction with the ionizing radiation. Indeed, the reduced material dimension is critical in presence of high energy ionizing radiation, as the migration distance of secondary charges generated in the NPs along the track from the point of the ionizing event (relaxation mechanisms) are significantly larger than the common nanometric radius of the NPs. Therefore, a fraction of energy escapes from the NPs, limiting the efficiency of activation of the RT and X-PDT mechanisms [18,153].



The effective energy deposition in RT, together with the activation of the scintillating NPs and the trigger of the PS therapeutic effects in X-PDT, are key open question in nanosystems. In nanomedicine, the debate can regard the comprehension of the increase of X-rays absorption cross section, the effective energy release within the nanomaterials embedded in the biological surrounding, and the radiation dose-enhancement in the vicinity of the malignancy due to the presence of high-Z elements. The main goal of exploiting the passive NPs or single component active NPs is to increase the RT effects at the lowest doses in the disease site, and to localize the radiation energy deposition and RT damages only in the cancer site, while preserving from the radiation lethal toxicity the healthy tissue and organ in the patient [154,155]. As discussed in Section 5, this point can be addressed by creating tumor-targeting NPs, such as NPs functionalized by folic acid, able to accumulate only in the cancer tissue and thus to locally increase the absorbed dose [93,156]. Moreover, the question on the X-PDT processes in hybrids is under debate: here, besides the mechanism due to the presence of high-Z nanoscintillator, the effect of the photo-toxicity of the PS grafted on their surface should be considered, together with the possible interaction of the high energy beam directly with the PS. If on the one hand, different publications in the literature have demonstrated the occurrence of a synergetic effect given by the simultaneous application of the RT and the PDT in presence of PS grafted on NS [18,152,157], on the other hand the X-PDT phenomenology lacks unique explanation—i.e., whether the dominant therapeutic effect is due to the presence of high Z elements allowing for an enhancement of radiation dose deposition close to the injured tissues, or to the establishment of a tradeoff between the RT and PDT enabling simultaneously the reduction of the total dose to the patient and the induction of additional cell death mechanisms by toxic singlet oxygen moieties.



In this context, Monte Carlo simulations are powerful tools enabling to properly connect the clinical beam simulations to the phenomena expected to occur at the NP level. Many Monte Carlo codes have been developed [158,159] to explore the dose enhancement in RT, especially with X-ray beams, electron beams, and proton beams; each of these simulations helps to quantify the spatial energy distribution resulting from the interaction between the X-ray photon at diverse energies and the NP/NS, which finally drives the sensitization efficiency in RT and the activation of molecular singlet oxygen sensitizers in PDT and X-PDT. In addition, these computational studies allow to model the release of secondary particles after the first ionization event in relation to the nanomaterials physical, chemical, and structural properties. For instance, interesting computational studies have explored the use of passive high Z agents, like iodine, gadolinium, and gold, to treat human brain tumors in synchrotron stereotactic radiotherapy (SSRT) with irradiation by monochromatic X-rays from a synchrotron source, tuned at an optimal energy [160]. Especially, Edouard et al. in [161] have developed theoretical dosimetric investigation, by using a Monte Carlo code developed for neutrons, photons, and electrons transport (MCNPX) on an idealized phantom representing a human head bearing a brain tumor volume. Simulations of irradiation have been conducted for diverse beams: monochromatic X-ray beams from a synchrotron source (30–120 keV); polychromatic X-ray beams have been used to simulate irradiations from a conventional X-ray tube (80, 120, and 180 kVp), and from a linear accelerator (6 MV). The results on the SSRT dose enhancement have been compared for the diverse ionizing radiation energy ranges and in the presence of iodine elements. The enthusiastic data proves the major RT enhancement in presence of high Z agents for the medium energy beam by monochromatic source at 80 keV, despite the lower penetration of the keV X-rays with respect to the conventionally used higher energy X-rays. At keV energies, the maximum dose can be delivered to the tumor while preserving skull and healthy tissues from excessive radiations exposure. In particular, the simulation on X-ray penetration and dose deposition performed by Edouard and co-workers reveals that by using 6 MV irradiation, the doses delivered to the skull are similar to the value obtained for 80 keV from monochromatic source but, at the same time, the doses delivered to the healthy brain are hazardously higher if compared to low energy monochromatic and polychromatic beams. Moreover, the dose enhancement for 6 MV irradiation is almost negligible. This may be imputed to the different type of X-rays interaction with the biological medium, ruled by Compton and photoelectric effects working in the MeV and keV range, respectively. This work highlights the importance of computational modeling in order to find an optimized treatment in presence of radiosensitizers, able to significantly reduce the dose to the healthy tissue, hopefully avoiding the implication of megavoltage irradiation.



In another work, Bulin et al. in [162] have quantified, by Monte Carlo GEANT4 program, the amount of energy deposited in diverse scintillators such as gadolinium oxides (Gd2O3) nanoparticles, by varying the concentration of the NS in an aqueous medium, the NS dimension, and the energy of the first high energy beam, as well as the position of the first interaction event. In this work, the first estimation of the energy transfer from the primary interaction of an ionizing radiation beam with a sphere of water representing a volume of tumor, loaded with nanoscintillators, has been conducted by means of the mass energy absorption coefficient. The results reveal that the maximum energy transfer enhancement occurs for energies around 40–60 keV, confirming the importance of exploiting beams of ionizing radiation in the kiloelectronvolt energy range in presence of high-Z elements. However, Bulin and co-workers have highlighted that in such a composite compound, made by a large volume of water loaded with a small concentration of NS, the interaction between the first photon and the matter can occur either in the NS or in water. Especially, when the interaction occurs in the NS a fraction of the expected transferred energy can escape from the nanoparticle, typically due to the larger migration distance of the secondary particles generated after the first interaction with respect to the NS dimensions, and the deposited energy is shared between the water and the NS. In this context, the Monte Carlo GEANT4 calculation has helped to determine the spatial distribution of deposited energy in the volume surrounding the nanoparticle where the primary interaction occurs and to evaluate the fraction of energy loss during the energy relaxation and charge migration processes in the NS. The new parameter η has been introduced, which quantifies the percentage of energy that is deposited in the NS itself, as a function of both NS and external source parameters. The outcome of the computational investigation performed for three different NS diameters reveals that even for the nanoparticles of 100 nm of diameter, the deposited energy decreases very quickly when the incident beam energy increases, resulting in a large amount of energy loss outside the NS and deposited in the surrounding medium (see Figure 7). From this consideration, the estimation of η is crucial especially in the case of hybrid nanomaterials for X-PDT, where after the activation of the scintillating process in the nanoparticles by the external irradiation beam, the subsequent trigger of the singlet oxygen sensitizers is expected by energy transfer mechanisms (see Figure 4). The correct evaluation of the energy deposition is critical to optimize the singlet oxygen production in presence of NS for therapeutic purposes and to exploit the synergy among RT, radiosensitization and PDT.



The development of further theoretical studies devoted to the modeling of energy deposition in a biological medium and of scintillation phenomena in nanomaterials and hybrids is essential for the exploitation of NP/NS in nanomedicine. Computational simulations coupled with the experimental proofs would provide the guidelines for tuning the nanomaterial composition in order to optimize the interaction with X-rays and the activation of therapeutics or diagnostic agents, and thus to accomplish the different requirements according to the application target.




5. Targeting Strategies for Enhancing NPs Sensitizing Effects


Two important features are required to design effective nanotechnologies conceived for X-rays based oncological treatments: one is a selective tumor cell targeting and the other is a rapid clearance from human body after treatment [163,164]. These achievements are highly dependent on the size of the nanomaterials that can affect the efficacy of the treatment reducing its side effects (such as undesirable ROS generation, disruption of cellular compartments, immune reactions, inflammation, destruction of the host homeostasis) [165,166]: for instance, it has been reported that non-targeted heavy nanoparticles with diameter ~50 nm have the highest cellular uptake and are able to increase the efficacy of RT treatment [164,167]. Thanks to their size, nanoparticles tend to accumulate more in tumor tissues with respect to the normal ones due to the enhanced permeability and retention (EPR) effect [168]. This passive targeting exploits the fact that tumors have a leaky vasculature, different pH, and different local temperature, and are devoid of an efficient lymphatic drainage system. Therefore, nanoparticles with suitable physico-chemical characteristics and size can extravasate from leaky tumor vessels and accumulate in the tumors [169]. Passive targeting, however, may induce multi-drug resistance (MDR), a poor drug diffusion, and a-specific accumulation in liver and spleen [163,170]. One of the most promising approaches for improving the retention and accumulation of NPs in tumor cells relies on grafting the NPs surface with cancer cell-specific targeting ligands. Tumor accumulation of actively targeted nanoparticles has been found to be 5 times faster and approximately 2-fold higher than their passive counterparts, within the 60 nm diameter range [164]. Among the ligands used to target cancer cells we can mention antibodies, peptides, and aptamers to recognize and bind overexpressed cancer cell receptors (such as epidermal growth factor receptors), together with folate receptors and transferrin-receptors to enhance the cellular uptake of nanoparticles [171,172,173]. Some monoclonal antibodies have been exploited in strategies combining chemotherapeutic agents or immunotherapy with ionizing radiation; in vitro and in vivo results have proven that antibodies promote and potentiate apoptosis and cytotoxic effects, thus damaging DNA of the cancer cells. Successful medical outcomes have been obtained especially for the treatment of breast cancer [174,175,176]. In this context, the human epidermal receptor-2 (HER-2) is the most widely studied overexpressed targeting receptor for therapeutic applications [177]. The most commonly ligand targeted to HER-2, is the anti-HER-2 mAb [178]. The functionalization of gold nanoclusters (AuNCs) with anti-HER2-mAb and/or folic acid (FA) as a single and dual-targeted radiosensitizers has shown the increasing of cellular internalization and of the RT efficiency (Figure 8) [179].



Despite the fact that just an exceedingly small amount of antibody is needed to target a specific site, the expensive production and immunogenic properties may restrain their applications in clinical trials [180]. An alternative is represented by the aptamers that are attractive for in vivo visualization, as they can couple some diagnostic agents, such as fluorescent or radionuclide labels, bioconjugates and nanoparticles, for the delivery of therapeutic agents and as sensitizers in RT, especially for brain tumors [181,182]. Aptamer functionalized metal oxides and metals containing nanostructures have been proposed for tumor-targeted delivery and efficient PDT treatment [183,184]. ZnO catalyst NPs have been studied for targeted PDT therapy in combination with chemotherapy by loading the NPs with anti-cancer drugs. The results presented in [184] show an enhanced cellular uptake of the NPs and they validate the successful therapeutic cytotoxic effect with a higher rate of death of cancer cells, if compared to the one of single photo—or chemotherapy.



In spite of the significant advancements made in targeting strategies of NPs, potential harmful effects may occur depending on the route of delivery. With the systemic intravenous delivery, only a small fraction of NPs has the possibility of reaching the target site, even in case of targeted NPs. Thus, a large number of NPs could remain in systemic circulation, leading to drug accumulation or systemic toxicity, and affecting the health of patients [37,185]. For this reason, other delivery routes, such as localized delivery via intratumoral injection have been studied. Localized delivery can be advantageous particularly in tumor sites where conventional systemic delivery routes fail, enabling the accumulation of the delivered NP at higher concentrations in the targeted tumor volume. Consequently, the use NPs localized delivery strategies helps to avoid repeated dosing, to decrease the final toxicity, and to increase patient compliance [186]. To improve the beneficial effect of localized delivery strategies, recently NP-loaded or drug-embedded implants have been obtained from biodegradable polymers. NP can degrade into biocompatible compounds that are easily absorbed in the body with virtually no side effects [187,188].



The final evaluation of the anticancer performances of each type of nanoparticles relies on many factors. The radiotherapeutic performance of nanoparticles is affected by their intrinsic parameters, mainly size, shape, surface charge/functionalization, and toxicity, as well as by external factors, such as the targeted type of tumor, the administration methodology, and the irradiation setup [76,189,190]. From this picture coupled to the description of the issue on the energy/dose deposition in heavy or hybrid materials at the nanoscale (Section 3 and Section 4), it is clear that the comprehension of the physical phenomena occurring in NP exploited in X-rays-based oncotherapy, together with deeper studies for the engineering of nanoparticles performances and targeting, are mandatory. The research for a guideline towards the assessment of the relationship between the NPs key physico-chemical parameters and their therapeutic efficacy in RT is an open roundtable. However, it represents a challenging matter for the chance to design NPs with properties and performances that can be appropriate to address all the pending requests made by the clinical advanced therapies, to increase the survivor rate in oncology, and to improve the life quality of oncological patients.




6. Conclusions


The advanced nanomedicine is currently promoting the development of novel nanoparticles able to address the increasing demands for the fight against cancer. This paper proposes an overview of the inorganic and hybrid nanoparticles of interest for X-ray based oncological strategies. The aim is to highlight the characteristics that such nanoparticles should satisfy to be exploitable in oncology to promote the overcoming of the limitations of the traditional RT, with the following reduction of the collateral effects and improvement of the therapeutic efficacy. Indeed, this review points out that the physico-chemical properties of the nanoparticles, together with the choice on surface functionalization and the targeting strategies, affect the key parameters of RT and X-PDT, including energy deposition and total delivered dose in cancer tissues. Heavy nanoparticles or hybrids represent a successful chance in cancer fight as they can both assist the traditional RT as radiosensitizers and boost the therapeutic effects on malignant cells through the synergetic combination of radio and photodynamic therapies in X-PDT. The cutting-edge scientific research looks especially at the development of hybrid systems, whose properties are easily tunable with huge consequences for the therapeutic performances. However, the production of high-performing inorganic nanoparticles and nanohybrids for medical applications involving the use of ionizing radiation must be accompanied by the advancement in the knowledge on scintillation at the nanoscale, in correlation with the physical-chemical features of nanomaterials. In this context, this review shows the importance of the theoretical studies on the ionizing radiation energy deposition in biological medium in the presence of heavy nanoparticles, as well as on the stimulation of anticancer activities in hybrid nanoscintillators coupled to toxic single oxygen agents. These studies aim at guiding the optimization of nanoparticles’ qualities according to the specific medical applications. The future achievement of novel experimental knowledge and theoretical descriptions of the phenomena occurring in heavy and hybrids materials at nanoscale would represent a step beyond in the field of nanomedicine for the achievement of more and more efficient oncological X-rays based therapies.
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Figure 1. The direct and indirect cellular effects of ionizing radiation on macromolecules. Absorption of ionizing radiation by living cells directly disrupts atomic structures, producing chemical and biological changes and indirectly through radiolysis of cellular water and generation of reactive chemical species by stimulation of oxidases and nitric oxide synthases. Ionizing radiation may also disrupt mitochondrial functions significantly contributing to persistent alterations in lipids, proteins, nuclear DNA (nDNA) and mitochondrial DNA (mtDNA). Reproduced from Cancer letters 2012, 327, 48–60 [73]. Copyright Elsevier 2012. 
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Figure 2. Schematic illustration of inelastic interactions with a high-Z nanoparticle for: (a) incident keV photons (orange clouds represent photoelectric events); (b) incident MeV photons (blue and yellow clouds represent Compton scatter and pair production events, respectively); Image reproduced with permission from Prof. Z. Kuncic and Dr. Y. Gholami from Phys. Med. Biol. 63 (2018) 02TR01 [77]. 
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Figure 3. (a–c) Radiation enhancement effect of 14 nm citrate-capped gold nanoparticles (AuNPs). (a) AuNPs improve the cell-killing effects of X-rays and fast carbon ions. (b) AuNPs improve the hydroxyl radical production of X-rays (assessed by 3-CCA). (c) AuNPs improve the hydroxyl radical production of carbon ions (assessed by 3-CCA). Reproduced with permission from Ref. [92]. Copyright Elsevier 2015. 
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Figure 4. Sketch of the working principle of X-ray activated X-PDT. (a) Inorganic nanoscintillators (NS) can be easily embedded in a biological surrounding. (b) The NS scintillation luminescence can be exploited to excite a secondary photoactive moiety (dye) by energy transfer (ET). (c) Multicomponent hybrid nanosystems can be fabricated by decorating the NS surfaces with specific photoactive functionalities, for example PDT agents, whose action is sensitized by ET from the NS that mainly interacts with the ionizing radiation. 
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Figure 5. (a) Sketch of the hybrid nanoscintillator composed based on a chrysotile nanotube (NT) functionalized with and H2TPPS4− porphyrin (Por*) as singlet oxygen photosensitizer and PEO as stabilizer for colloidal dispersion (NT-PEO-Por*). (b) Outline of the photophysical process involved in the sensitization of singlet oxygen (1O2*) production upon irradiation with X-rays. Free electrons and holes generated by interaction with the ionizing radiation in the NT localize at an emissive state that transfers its energy to the photosensitizer molecules on the surface promoting their excited singlet state (S1*). Upon intersystem crossing (ISC), the energy is transferred from the photosensitizer triplet to the dispersed molecular oxygen in triplet ground-state 3O2, which is promoted to its excited singlet state. (c) Evaluation of cell metabolic activity by the MTT test on U-87 cells stained with 20, 40, and 60 μg cm−2 of NT-PEO-Por*. (d) Relative fraction of dead cells estimated by the Trypan blue cell exclusion assay on U-87cells stained with 20 μg cm−2 of NT-PEO-Por* as a function of the nominal dose delivered. (e) Evaluation of cell metabolic activity by the MTT test on U-87 cells stained with 20 μg cm−2 of NT-PEO-Por* as a function of the nominal dose delivered. MTT assays and Trypan blue cell counting were performed in triplicate. Statistical analysis: two-way ANOVA, p < 0.0001 ****. Error bars are the standard deviations of the mean values calculated for five independent experiments. Reproduced with permission from ACS Appl. Mater. Interfaces 2021, 13, 11 [149]. 
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Figure 6. (a) Schematic illustration of the mechanisms of X-ray-induced RT–RDT by MOF nanocrystals. (b) Structure models of Hf12/Zr12 secondary building units (SBUs), and 5,15-di(p-benzoato)porphyrin-Hf (DBP-Hf), 5,15-di(p-benzoato)porphyrin-Zr (DBP-Zr) and 2,5-di(p-benzoato)aniline- Hf (DBA-Hf) MOFs nanocrystals. (c) Structure models of Hf6/Zr6 SBUs, and TBP-Hf and TBP-Zr nMOFs. (d,e) Transmission electron microscopy images of DBP-Hf (d) and TBP-Hf (e). The nMOF syntheses were repeated more than 20 times in each case and the particle morphologies and sizes were similar. (f,g) 1O2 generation of DBP-Hf (f) and TBP-Hf (g) upon X-ray irradiation (225 kVp, 13 mA), as determined by 4-nitroso-N,N-dimethylaniline assay. For DBP-Hf, the change in optical density (ΔOD) at 439 nm is linearly fitted against the product of MOFs concentration (μM) and X-ray dose (Gy). For DBP-Hf or TBP-Hf samples irradiated with 10 Gy at Hf concentrations of 10 μM, two independent experiments were performed, and similar results were obtained. Reprinted from Nature Biomed. Eng. 2, 600–610 (2018) [152] Copyright Springer Nature 2017. 
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Figure 7. (a,b) Deposited energy per unit of normalized radial distance from the center of the NP (diameter of 100 nm of Gd2O3) for (1)—2 keV electrons and (2)—10 keV electrons. Visualization of the spatial distribution of the deposited energy is shown as insets. (c) Percentage of deposited energy per electron generated in a Gd2O3 nanoparticle for three different diameters, as a function of the primary electron energy. Reproduced from Nanoscale 2015, 7, 5744–5751 [162]. Copyright Royal Society of Chemistry 2015. 
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Figure 8. Schematic illustration of the functionalization process of bovine serum albumin (BSA) gold nanoclusters (AuNCs) with folic acid and Herceptin and the mechanism of cellular internalization by binding with folate and human epidermal growth factor 2 receptors on the surface of SK-BR3 cells. Reproduced from European Journal of Pharmaceutical Sciences 2020, 153, 105487. [179] Copyright Elsevier 2020. 
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