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Abstract

:

Lung cancer is a highly aggressive neoplasm that is now a leading cause of cancer death worldwide. One of the major approaches for killing cancer cells is related with activation of apoptotic cell death with anti-cancer drugs. However, the efficiency of apoptosis induction in tumors is limited. Consequently, the development of other forms of non-apoptotic cell death is up to date challenge for scientists worldwide. This situation motivated us to define the aim of this mini-review: gathering knowledge regarding ferroptosis—newly defined programmed cell death process characterized by the excessive accumulation of iron—and combining it with yet another interesting nanomaterial-based graphene approach. In this manuscript, we presented brief information about non-small lung cancer and ferroptosis, followed by a section depicting the key-features of graphene-based nanomaterials influencing their biologically relevant properties.
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1. Non-Small Lung Cancer


Cancer is described as a group of disorders entailing abnormal cell growth with the ability to spread to other organs and tissues in the body. Human lung cancers are divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), which originates from epithelial cells. NSCLC is very heterogeneous group of cancers and is composed of different histological subtypes including mainly squamous-cell carcinoma, large-cell carcinoma, and adenocarcinoma [1]. Moreover, lung cancer is highly aggressive and challenging neoplasm, with an established 5-years survival rate under 20% [2,3]. At the same time, it should be mentioned that nearly 85% of all diagnosed lung cancers are covered with non-small cell lung cancer cases [4].



Although, currently used anti-cancer therapies including chemo- and radiotherapy have prolonged overall survival among patients, other challenges, such as metastasis and chemoresistance, emerged. These are, up until no, one of the biggest clinical problems that are receiving great attention regarding clinical oncology [5,6]. Currently, the treatment of choice in case of NSCLC is radical surgery; however, only 20–25% of diagnosed patients were allowed to be treated with surgical approaches [7]. Adjuvant cisplatin-based chemotherapy is the gold standard for fully resected NSCLC tumors [8]. At the same time, new generations of drugs that target a specific genes mutations or protein have been approved as personalized treatments in NSCLC patients [9].



A lack of early symptoms and effective early diagnostic methods results in a diagnosis of cancer often in an inoperable, advanced stage of the disease. Therefore, there is an urgent need for novel, effective diagnostic methods and therapies for lung cancer. Activating apoptotic cell death with anti-cancer drugs is one of the major approaches for killing cancer cells. Nevertheless, the efficiency of apoptosis induction in tumors is limited due to the acquired or intrinsic resistance of cancer cells relative to apoptosis [10,11]. Consequently, developing other forms of non-apoptotic cell death opens new therapeutic opportunities for eliminating cancer cells and limiting the survival of drug-resistant clones.



Regarding lung-cancer therapy, graphene was already considered as an attractive material for screening (biosensing) or direct anti-cancer treatment. An interesting approach was presented in a paper written by Chen et al. [12], in which graphene with silver particles was used to fabricate simple, highly sensitive and fast biosensor. This biosensor was calibrated to detect CYFRA21-1 gene of NSCLC patients and was successfully tested during clinical trials, proving that graphene can be considered as a material for the selective and sensitive detection of DNA. Hence, it is possible to introduce graphene-based sensors as an efficient tool for the early diagnosis of NSLC.



In addition, graphene flakes conjugated with cisplatin (a chemotherapy agent used to treat a number of cancers) were confronted against the non-small lung carcinoma A549 cell line [13]. Using this nanomaterial-based approach, the authors of this manuscript tried to implement graphene flakes as an efficient drug-delivery platform, from which a highly concentrated dose of a medicine could be released. Based on the obtained results, it was concluded that drug-delivery systems including graphene can be considered as a remedy for various types of cancer.



For the same cell line, A549 carcinoma lung cells were a part of Zuchowska et al.’s study, in which the authors described submicrometric graphene oxide (GO) flakes—one of the flake graphene derivatives, as a promising material designed for lung cancer therapy [14]. It was stated that anticancer feature of GO flakes was triggered by a reactive oxygen species at high concentrations (>300 µg/mL) of such nanomaterial. Moreover, the affinity of graphene flakes to A549 cell nucleus was observed, which resulted in decreased cellular proliferation.



Having all this in mind, it can be concluded that GO flakes were successfully implemented as anticancer agents for effective NSLC therapy.




2. Ferroptosis


Reactive oxygen species (ROS) [15,16] along with excessive accumulation of iron is one of the ferroptosis pivotal mechanisms. It is worth underlining that ferroptosis is a newly defined programmed cell death process. It is recognized as an efficient mechanism to eliminate malignant cells. It plays an essential role in the inhibition of oncogenic processes by removing cells that are not able to keep nutrients in the environment or cells damaged by infection or stress [9]. Moreover, ferroptosis occurs together with defeated of repair system that are responsible for the removal of lipid peroxidation products in physiological homeostatic conditions. Contrary to healthy cells, cancer cells in majority lack repair systems, which means that they are more vulnerable to oxidative damage and, thus, ferroptosis.



Nevertheless, the natural function of ferroptosis in physiological contexts is still not clear. There are some ideas that ferroptosis may serve as a normal tumor suppressive function, including the observation that tumor suppressors p53, fumarase, and BAP1 can drive ferroptosis under specific conditions, and that some negative regulators of ferroptosis, such as SLC7A11, GPX4, and NRF2 are overexpressed or activated in a diversity of tumors [17,18].



It is worth mentioning that ferroptosis can be responsible for a failure of different crucial organs, including, i.e., lungs, heart, or brain (Figure 1). For instance, one can find scientific articles describing ferroptosis-dependent neural diseases, including the following: cerebral stroke, Parkinson’s, or Alzheimer’s disease. Having this in mind, ferrotosis can be considered as an unwanted and dangerous factor affecting human health. However, if properly designed and controlled (using nanomaterial-based approach), it can be also be a useful tool for targeted anticancer remedies. It is well known that tumor cell death is the most desirable effect of any cancer therapy. However, similarly to what was mentioned earlier, available anticancer drugs directed to kill cancer cells through apoptosis have limited effects since acquired resistance to apoptosis occurs [19]. Therefore, the main goal of ferroptosis-based therapy in cancer is to prevent treatment resistance. Unlike other forms of cell death, ferroptosis is iron- and ROS-dependent. To date, several mechanisms on which ferroptosis can act in tumor cells have been indicated. Researchers described in great detail how the resistance to targeted cancer therapy could be reversed by inducing ferroptosis through iron and lipid metabolism pathways, as well as other signaling pathways. A perfect example of new ferroptosis-based therapeutic strategy in NSCLC is the overcoming of cisplatin resistance within NF-E2 related factor 2 (Nrf2)/light chain of System xc−(xCT) pathway given by Yu Li et al. [20]. Moreover, it has been recently presented that the inhibition of ferroptosis is engaged in cancer immunotherapy by anti-programmed cell death 1 (PD-1)/programmed death-ligand 1 (PD-L1) treatment resistance [9].



Off these efforts, nanotechnology-based methods are especially remarkable, given their theragnostic approaches. Understanding the specific mechanism of ferroptosis and its relationship with lung cancer could provide significant references regarding cancer therapy [22,23,24]. It is well accepted that the occurrence of ferroptosis is iron-dependent and it can be assumed that, i.e., thoughtfully designed graphene oxide [25,26] (very promising 2D carbon-based materials for possible biomedical application) modifications with iron can be used as a new system to induce ferroptosis. Such tailor-made graphene oxide-Fe (graphene oxide-iron) composite could be a good option to induce and further study not only ferroptosis but other molecular changes in cancer cells after extracellular Fe intake.



Graphene-based nanomaterials such as as a ferroptosis-inducing agents were already considered by other authors, who paid special attention to graphene quantum dots (GQDs). GQDs are quantum dots smaller than 20 nm and composed of carbon atoms. Two types of GQDs were studied by Wu et al. [27], namely amino-functionalized and nitrogen-doped graphene dots. The authors concluded that nitrogen-doped GQDs induced ferroptosis by mitochondrial oxidative stress. This phenomenon was associated with the disruption of a morphology of mitochondria, which was additionally translated to redox imbalance and iron overload. Further investigation performed by the same research team bore fruit in the form of even more detailed descriptions of GQDs-triggered ferroptosis mechanism [28]. The authors stated that key factors responsible for graphene quantum dots ferroptic action is the disruption of calcium homeostasis in microglia. Interestingly, BV2 (microglial cell line) cells exposed to amino-functionalized GQDs were less prone to oxidative stress, which indicate that the surface modification of graphene-based materials can be of crucial importance for triggering specific cellular responses.



Understanding the entry mechanism of graphene derivatives relative to cells would be significant for the evaluation of its interaction within cells and further clinical application. Endocytosis, an energy-dependent mechanism, is known to be the entry mechanism of graphene [29]. Experimental studies have suggested that, due to GO 2D structure, it could be taken up by cancer cells via clathrin-mediated endocytosis (Figure 2).



However, another hypothesis is that graphene-based materials are able to penetrate and disrupt the cell membrane mostly thanks to their sharp edges (acting as nano-sized knifes) [30]. Such nano-knife can damage cell membrane and cause the leakage of phospholipids from cell body. A huge number of scientific publications were written in order to address the biomedical application of graphene family materials, and to date, contradictory arguments are present in this discussion [29,31,32,33]. The possible explanation could be that the current state of knowledge and scientific tools are not sufficient to fully understand and describe complex biological interactions occurring on the graphene–living cell interface.




3. Nanomaterial Based Ferroptosis Inducers in NSCLC


A literature analysis of ferroptosis inducers (including small molecules and nanomaterials) is presented to define their design, action mechanisms, and anticancer applications; however, there are still many questions about mechanisms governing the killing activity of cancer cells through ferroptosis and its implications at molecular levels. The mechanisms of action of apoptosis or necroptosis are reliant on caspases or can be inhibited by their activity. It should be mentioned that ferroptosis appears to have advanced independent and very little known yet direct molecular cross-talk to other pathways of regulated cell death [34]. Specially designed nanomaterials (NMs) are known to be able to penetrate the human body through respiratory systems, oral ingestion, or a skin. Furthermore, NMs are capable to cross the plasma membrane in order to start cell death processes. Nanoparticles are considered as a novel ferroptosis inducer with possible therapeutic effects in a wide range of cancer types, including NSCLC. It is widely known that the distraction of cell-death homeostasis is related to various diseases, including neurodegenerative diseases, immune disorders, diabetes, and cancer. Available data indicate that iron- or iron-oxide-based NMs can be considered as a good approach to study ferroptosis and its implications in cancer. Mechanisms of iron-based NPs and non-iron NPs for ferroptosis-based cancer therapy are similar. Both types of NPs can be incorporated into cells through endocytosis and release iron in lysosomes. Furthermore, they can be involved in the Fenton reaction to produce reactive oxygen species (ROS) and, as a consequence, induce ferroptosis. Moreover, the drugs carried by nanoparticles can facilitate the production of ROS, which is caused by excess iron. β-lapachone (β-lap), a novel anticancer drug, has shown significant cancer specificity by increasing (ROS) stress in cancer cells. A 10-fold increase in ROS stress was detected in β-lap-exposed cells pretreated with iron oxide nanoparticle over cells treated with β-lap alone in A549 cells, which also correlates with significantly increased cell death [35].



Regardless of the nanomaterials’ size and origin, the overriding conclusion drawn by the authors of the manuscripts provided in Table 1 was that this theranostic approach is very promising. The results of their work clearly showed that nanomaterials can be implemented as an efficient tool for anticancer therapy. Interestingly, different types of cancer models were investigated, including inter alia breast, lung, colorectal, cervical, pancreatic, colon, and leukemia. All of the cited publications underlined that the utilization of nanoparticles enabled the triggering of ferroptosis. Hence, it can be hypothesized that nanomaterials can be considered as a future cancer remedy. However, a lot of work still has to be performed in order to fully understand and describe underlying ferroptosis mechanisms activated by nanomaterials.



We want to underline that the main advantage of graphene-based system over other nanomaterials-based ferroptosis induction systems is the fact that graphene can be treated as a tailor-made material suited for a very specific applications—in the scope of this manuscript, toward NSLC therapy. Having said this, it is possible to design and synthesize graphene flakes (GO, RGO, or GQDs) of a given size (lateral dimensions in some specific range), provide alevel of reduction (translated to modification feasibility), and to modify them in order to add desired functionality—such as ferroptosis induction. By performing this, it will be possible to deliver a highly concentrated dose of iron particles to cancerous tissue. What is more is that, as stated earlier, GO flakes itself can also promote ferroptosis; thus, by a combination of GO flakes with Fe nanoparticles, synergistic effects aimed to fight against NSLC could be achieved.




4. Physical and Chemical Properties of Flake Graphene-Based and Other Nanomaterials—The Impact of Shape, Size, and Large Specific Surface on Graphene Biological Effect


The graphene oxide (GO) production protocol is well described in the literature and is referred as Hummer’s method, alongside its multiple modifications [46,47]. In brief, GO synthesis is based on mixing graphite materials with strong oxidizers, such as fuming nitric acid or potassium chlorate. Using this method, it is possible to introduce oxygen atoms into closely stacked graphite layers. The successful implementation of Hummer’s method results in a single atomic layer of GO. Such 2D carbon sheet is characterized with a sp2 hybrid structure embroidered with hydrophilic surface groups. The presence of these hydrophilic groups is needed to constitute stable water solutions of GO flakes. After thermal [48] or chemical treatment [49], GO flakes undergo reduction, and the amount of oxygen-based functional groups decreases, and a new form of material is created, namely RGO flakes. It is important to know that GO reduction is followed by a change in the material’s properties. RGO is described as a conductive yet hydrophobic material, which governs different possible mechanisms of cell–material interactions and, thus, different applications.



Although flake graphene and its derivatives are considered as very promising materials that are described by conductive (depending on reduction level) and super-elastic properties, with a projected potential for manifold applications in the biomedical field, the safety of its production, utilization, and potential toxicity is still not examined and understood. This is mostly driven by the nanometric size of these peculiar carbon materials. Many efforts have been made to fulfill this gap; however, detailed toxicity evaluation of both GO and RGO flakes—especially in the long-time perspective—is still missing. A vast majority of the studies were focused on the assessment of GO toxicity during short periods of time; surprisingly, long-term studies over toxicity influences relative to GO flakes were not taken into account [50,51,52,53]. Another important issue related with this issue is that although the surface modification of GO with materials of different origin (such as nanoparticles, drugs, and polymers) [54] can improve its biocompatibility, the stability of its later deposition on different surfaces is still unknown [55]. This parameter should be considered regarding the design and production of high quality flake graphene-based material tailored for some strictly defined, cutting-edge anti-cancer therapies. Without the estimation of long-term stability of GO flakes [26] and GO-based covering layers, the durability and usability of any novel GO-based biomedical tool will be secreted, which in turn will greatly impede its possible biomedical application. Having this in mind, it can be assumed that, the toxicity of graphene-based materials can be different from currently reported short-term exposure results. In addition, it can also differ when graphene-based coating applied on biomedical device break. Additionally, many studies describing GO flakes toxicity assessment have been already conducted [12], but the number of samples and characterization methods did not provide a clear statement on graphene toxicity. This was mostly driven by the fact that the vast majority of recent studies focused exclusively on GO size or chemical composition and their impact on biological response alone. It should be noted that an approach limited to only one or two features will significantly impede the process of explaining mechanisms affecting living cells. We want to remind the reader that a certain biological function or biological response can be driven by multiple factors, such as the size, shape, chemistry, and electrical charge of nanomaterials (Figure 3).



At the current time, two polarizing opinions on GO toxicity have emerged: Some researchers hypothesized that GO is biocompatible [14] whereas other studies reported negative biological responses and cytotoxic effects caused by GO and RGO flakes [56,57]. In the seminal work of Jagiełło et al. [58], the authors made a step forward in understanding the relations between two important factors (size and reduction level) of graphene oxide flakes and biological response, determined upon human umbilical cord Wharton’s jelly-derived mesenchymal stem cells (hUC-MSCs). It should be underlined that both GO and RGO flakes were suitable materials for the proliferation of hUC-MSCs. Cells cultured on a thin layer of GO and RGO (of low reduction level) were characterized with a viability and proliferation rate similar to standard culture conditions (without the presence of graphene flakes). Hence, no toxic reaction, driven by graphene flakes, was observed. Moreover, reduced GO flakes triggered cell apoptosis. Another interesting outcome of this study was that, regardless of the reduction level and size of the graphene flakes, hUC-MSCs showed no alterations of their phenotype. Hence, the authors concluded that GO flakes and RGO flakes with low reduction levels were not toxic and could be taken into consideration regarding possible applications toward regenerative medicine.



The general finding from the basis of all aforementioned literature results is that graphene oxide-Fe based modifications can be developed as a novel method to induce cancer cell death through ferroptosis, possibly with lysosomes, and improve intracellular Fenton reactions to produce ROS and induce lipid peroxidation. This statement is greatly motivated by recently published work where other types of graphene material—graphene quantum dots—were used to induce ferroptosis in microglia [15].



Once more, we want to point out that several factors influencing the toxicity of graphene-based materials (and other nano-sized materials) should be taken into account and be systematically studied in order to understand how desired biological functions can be triggered. These properties include, but are not limited to, the following: concentration, lateral dimension, surface structure, and functionalization of flake graphene. Thus, it is of crucial importance to perform not only systematic but also statistically significant screening of different kinds of any nano-sized material, including both GO and RGO flakes [59]. For instance, an interesting study related with iron nanoparticles uptake by living cells was described by Dulińska-Molak et al. [60]. In this study, three types of carbon-encapsulated iron nanoparticles were synthesized, and their impact of the mechanical properties of human mesenchymal stem cells (hMSCs) was assessed by means of atomic force microscopy. The authors noticed that the concentration-related dependence of the stiffness of cells exposed to iron-based nanoparticles. The higher the nanoparticles concentration, the lower the registered stiffness of the cells. The overriding conclusion drawn by this study was that iron particles deprived of carbon coating were the most lethal and even low concentrations of such particles resulted in an alteration of hMSCs actin cytoskeleton.



Another interesting example of multi-technique-based approaches toward in-depth descriptions of interactions between cells and nanomaterial was a study written by Oberbek et al. [59] in which in vitro studies of manifold forms of hydroxyapatite (HAp) nanoparticles were addressed. The authors characterized 10 different types of HAp nanoparticles describing inter alia morphology, average particle size, particle shape expressed by aspect ratio, specific surface area, state of agglomeration, density, crystallinity, phase purity, stoichiometry, zeta potential, and pH. They then confronted their results against four cell lines by imitating different systems present in human body: Chinese hamster ovary cell line (reproductive system), mouse monocyte macrophage cell line (immune system), human bronchial epithelial cell line, and human lung adenocarcinoma epithelial cell (respiratory system). They concluded that “the biological impact depends on dose and physicochemical properties of the HAp particles and the cell nature”. Hence, it is of prime importance to conduct systematic and multi-technique studies for any nanomaterial, including graphene flakes (Figure 4).



However, there are other alternative factors that need to be discussed in the context of GO treatment of cancer, which depend, for example, on the vascularization of the tumor and its microenvironment in general. Contrary to the normal vascular system, which is resistant to some bigger particles, tumors have porous vascular systems, which are more vulnerable to the uptake of different extracellular molecules into the cell. Moreover, cancer diminishes the function of lymphatic systems, making it easier for nanoparticles to remain in the tumor’s environment [61]. In addition, when considering graphene compounds in cancer therapy, the type of cells and origin should be kept in mind. Zuchowska A et al. showed that liver cells (either cancer and non-cancerous) were more sensitive to the tested graphene compounds than compared to breast cells. The authors pointed a couple of reasons for the above differences, including morphological and functional variations [62]. Other studies indicated that graphene-based nanomaterials could influence cancer stem cells via various signaling pathways to differentiate them into non-cancerous stem cells [63].




5. Possible Adverse Effects Triggered by Graphene Flakes and Other Nanomaterials


Although GO and RGO flakes and other nanomaterials are very promising materials regarding their biomedical applications, there are still some serious challenges on the horizon to be tackled and size-related issues to be addressed prior to a fully controllable bio-implementation of nanomaterials.



Thus, it is of prime importance to understand any material-cells and material-tissues interactions that may appear upon material uptake. First, it should be noted that GO and RGO flakes can be transferred to human body using different exposition routes, including inhalation, oral, or skin administration. Due to its small size, flake graphene can easily penetrate blood–brain [64] or blood–air barriers and then accumulate in the internal organs, such as spleen or liver. Interesting, a study was provided by Su and coworkers [65] who designed an experiment in order to assess the deposition of GO flakes in human upper airways. They tested flakes characterized average lateral sizes of 51, 101, and 215 nm; thus, they were very small flakes with high potentials to penetrate cells and tissues. Regardless of the size of tested flakes, the deposition of nanometric carbon-based material in airway sections was smaller than 4%. The authors concluded that most of the studied flakes could be transferred to the lower tracheobronchial airways. Moreover, it was speculated that such situations could trigger some health issues. Several publications have already outlined toxicological mechanisms of graphene-based nanomaterials, including inter alia apoptosis, necrosis, and inflammation [66,67,68,69].



A seminal work written by Zhang et al. [70] was devoted to the assessment of biocompatibility of GO flakes using mice animal model exposed to intravenous administration of nanomaterial. The GO flakes implemented in this study were smaller than 800 nm, with a thickness of 1 nm. A radiotracer technique was used to examine uptake and the retention of GO flakes. The authors reported that GO flakes were mostly deposited in lungs and stayed there for a long time. Interestingly, when compared to different carbon nanomaterials, GO was characterized with long circulation time in blood (of half-time in the range 5.3 ± 1.2 h). Of special interest was the fact that any pathological changes were characterized in a GO dose-dependent manner. Small dosage (1 mg kg−1 of mice body weight) did not trigger any pathological changes during 14 days of exposition. It was concluded that such results guided GO applications toward drug delivery, especially to the lung. On the other hand, the authors have noticed pathological changes when higher GO flake amounts (10 mg kg−1 of mice body weight) were used. These changes were related with cellular inflammation and granuloma formation in the after 14 days of exposition to flakes. Such conclusions were actually expected, as an overdose of any material would cause similar effects. Graphene-based nanomaterials are no exception in this manner. However, once again, we want to underline that, in the case of graphene flakes, it is important to remember other parameters influencing their final application. GO and RGO flakes can have both positive (tissue regeneration and drug delivery systems) and negative (cellular apoptosis and inflammation) effects on the human body. It does not mean, however, that each graphene-based material is dangerous to human health. The challenge here is to select an appropriate set of material’s parameters and to have the control over purity and reproducibility of the designed graphene-based material. By using a proper combination of size, concentration, level of oxidation, and chemical modifications, it is possible to design and fabricate graphene-based biomedical tool of certain functions, which will trigger desired biological answers. Similar conclusions were proposed by Fadeel and coworkers [71], who additionally questioned whether or not is possible to predict the adverse (toxic) influence of graphene-based materials on living organisms by focusing only on their properties, thus omitting in vitro and in vivo studies. One thing can be treated as an axiom—further studies and scientific scrutiny are needed to fully address complex graphene–living organism interactions.




6. Conclusions and Future Outcomes


One of the still up to date and important scientific challenges to tackle is to understand the subtle interactions occurring on the interface of biological materials (living cells) and laboratory-fabricated materials, such as graphene flakes. If this is successful, this might be the key opening the door for the synthesis and fabrication of 2D graphene-based nanomaterial tools to fight against non-small lung cancer and hopefully other types of cancer as well. Graphene oxide, along with its functionalized alter ego already showed promising results towards biomedical applications. At the same time, it should be emphasized that, due to te two competitive positions regarding the biological evaluation of GO and RGO materials, further scientific scrutiny is needed to fully explore of this specific terra incognita. We believe that the current scientific apparatus may not be sufficient to fully expose and understand a complex nano- and micrometric mechanisms governing cell–material interactions. At the same time, it should be mentioned that current polarization regarding GO and RGO toxicity may be driven by the fact that different studies addressing this subject introduced different types of graphene in terms of size, shape, chemical purity, surface modification, and synthesis protocol. This in turns yields different cellular responses. A combination of a better standardization of graphene flakes per se along with the implementation of the newest scientific tools for materials characterization can be a foundation of a new, biomedical graphene era.
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Figure 1. Ferroptosis as a factor triggering failure of multiple organs. Composed with BioRender [21]. 
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Figure 2. A scheme of clathrin-mediated graphene endocytosis. Composed with BioRender [21]. 
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Figure 3. Different factors affecting cell-nanomaterial interaction. Composed with BioRender [21]. 
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Figure 4. Representative atomic force microscopy images of GO nano- (A) and micrometric (B) flakes along with RGO flakes (C,D). Images (E,G) present water contact angle results acquired for hydrophilic GO and hydrophobic RGO followed by optical images of GO (F) and RGO (H) powder. Image composed with Authors’ own and previously not published data. 






Figure 4. Representative atomic force microscopy images of GO nano- (A) and micrometric (B) flakes along with RGO flakes (C,D). Images (E,G) present water contact angle results acquired for hydrophilic GO and hydrophobic RGO followed by optical images of GO (F) and RGO (H) powder. Image composed with Authors’ own and previously not published data.



[image: Materials 15 03456 g004]







[image: Table] 





Table 1. Nanoparticle-based approach aimed to trigger ferroptosis.
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	Nanoparticle Type
	Nanoparticle Size
	Cancer Model
	References





	AIEgen/vermiculite nanohybrid
	300 nm diameter, 1.1 nm thickness
	MC38 tumor model
	[36]



	polyvinyl pyrrolidone dispersed nanoscale metal-organic framework of Fe-TCPP (TCPP = tetrakis (4-carboxyphenyl) porphyrin) loaded with hypoxia-activable prodrug tirapazamine and coated by the cancer cell membrane
	201 nm diameter of the whole system
	Breast cancer cells (MDA-MB-231), human liver cancer cells (Huh7, HepG2), human colon cancer cells (HCT116), human pancreatic cancer cells (PATU8988), cervical cancer cells (HeLa)
	[37]



	Glycyrrhetinic acid loaded PLGA nanoparticles
	133 nm in diameter
	Leukemia cells: Kasumi-1, U937, MV4–11, NB4, and colorectal cancer cells: HT29, Caco-2, SW480
	[38]



	Gallic acid-ferrous (GA-Fe(II))
	average particle size of 3.1 ± 1.2 nm and hydrodynamic diameter of 4.7 ± 1.1 nm
	breast cancer cell (MCF-7/ADR)
	[39]



	Zinc oxide nanospheres
	120 nm in diameter
	CT26 and HCT116 colorectal cancer cells
	[40]



	piperlongumine (PL) loaded metal–organic framework (MOF) coated with transferrin decorated pH sensitive lipid layer
	hydrodynamic radius of 185 ± 5.7 nm
	4T1 brest cancer cells
	[41]



	silver coated zero-valent-iron nanoparticles (ZVI@Ag) and carboxymethylcellulose coated zero-valent-iron nanoparticles (ZVI@CMC)
	mean physical diameters of ZVI@Ag NPs and ZVI@CMC NPs were 81.08 ± 14.29 nm and 70.17 ± 14.4 nm
	Human lung cancer cell lines H1299, H460, A549, mouse Lewis lung carcinoma (LLC)
	[42]



	Fe(II) and Tannic Acid-Cloaked MOF
	125–225 nm
	MDA-MB-231 epithelial, human breast cancer cell line
	[43]



	Manganese doped silica nanoparticle (MnMSN) and folate modified long-circulating MnMSN (FaPEG-MnMSN)
	MnMSN—diameter of 101.40 ± 0.36 nm, FaPEG-MnMSN diameter of 122.67 ± 2.98 nm
	human hepatic carcinoma cells (HepG2), human non-small lung cancer cells (A549) and mouse breast cancer cells (4T1)
	[44]



	Superparamagnetic iron oxide nanoparticles (SPION)
	99–115 nm of hydrodynamic dimeter
	Mouse mammary breast tumor cell line (4T1), human breast cancer cell line (MDA-MB-231) and human breast cancer cell line (MCF-7)
	[45]
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