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Abstract

:

Simple Summary


Cancer is a global public health issue. The development and use of in vitro cellular models with pre-clinical animal models are essential to elucidate the complex biology of cancer and test new diagnostic and therapeutic options. Three-dimensional (3D) tumor models are particularly important as they can accurately mimic the behavior of solid tumors. This review article critically discusses the suitability of 3D spheroid models in oncological research.




Abstract


Advanced tissue engineering processes and regenerative medicine provide modern strategies for fabricating 3D spheroids. Several different 3D cancer models are being developed to study a variety of cancers. Three-dimensional spheroids can correctly replicate some features of solid tumors (such as the secretion of soluble mediators, drug resistance mechanisms, gene expression patterns and physiological responses) better than 2D cell cultures or animal models. Tumor spheroids are also helpful for precisely reproducing the three-dimensional organization and microenvironmental factors of tumors. Because of these unique properties, the potential of 3D cell aggregates has been emphasized, and they have been utilized in in vitro models for the detection of novel anticancer drugs. This review discusses applications of 3D spheroid models in nuclear medicine for diagnosis and therapy, immunotherapy, and stem cell and photodynamic therapy and also discusses the establishment of the anticancer activity of nanocarriers.
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1. Background


Cancer is a multifactorial disease caused by abnormal cell behaviors, such as sustained proliferative molecular networks (e.g., cell death resistance, angiogenesis, drug resistance) and immune evasion properties that lead to cell replication and invasion/migration characteristics associated with metastases [1]. Drug discovery research faces significant challenges in developing new drugs and determining their pharmacokinetics in cancer patients [2,3,4]. Since 1940, clinical treatment techniques for cancer treatment, such as chemotherapy, surgery, and radiotherapy, have been the most widely used. On the other hand, chemotherapeutic drugs are frequently non-specific, have a low concentration at the tumor site, and are rapidly eliminated from the blood. In addition, cancer cells can develop resistance to anticancer drugs at the beginning of treatment or after repeated administrations. As a result, cancer cells can escape the drug’s activity, resulting in low therapeutic efficacy. To overcome the resistance of solid tumors, the scientific community and the pharmaceutical industry have invested in developing highly effective anticancer treatments. New compounds must adhere to the standards set by regulatory organizations like the Food and Drug Administration (FDA) and the European Medicine Agency (EMA) before being used in the clinic. All anticancer therapeutics must be tested in vitro, in vivo, and in humans. The most common in vitro technique for such screenings is two-dimensional (2D) cell cultures, which Harrison first established in the early 19th century. This method is simple, reproducible, and affordable. However, in vivo, solid tumor characteristics and treatment resistance cannot be simulated in flat 2D cell culture models. Consequently, many ineffective drugs might proceed to in vivo testing, contributing to the abuse of animals in research and extending and increasing the cost of the drug development process. In light of these considerations, new and improved in vitro models have been studied to enhance the identification of therapeutic alternatives during the early phases of drug development and, consequently, to reduce the usage of laboratory animals. These models can replicate the characteristics of human tumors more closely than 2D models and often even better than animal models [5,6].




2. Three-Dimensional Models: An Alternative to In Vivo Models


Pre-clinical research primarily relies on 2D cell cultures and animal models, which is still a key experimental strategy in translational cancer research. Cell culture techniques are accessible, affordable, and well-suited for high-throughput toxicity and drug screening tests. Two-dimensional cell cultures, on the other hand, are simplistic representations of tumors that do not capture all of the fundamental cellular architecture and interactions that occur in vivo.



Patient-derived tumor xenografts (PDX) have a cellular complexity similar to the tumor and can maintain tumor heterogeneity. PDTXs are frequently implanted in immunocompromised deficient hosts, necessitating the regeneration of autologous immune cells to study immunity. Major drawbacks of PDXs are their poor implantation rates, long immune reconstitution processes, high cost, and extended generation times for humanized models [5].



Conversely, cancer is a highly heterogeneous illness with a complex and dynamic tumor microenvironment (TME). Cellular (stem cells, tumor epithelium, fibroblast, endothelial cells) and non-cellular (cytokines, chemokines, extracellular matrix (ECM), and growth factors) components of TME significantly impact tumor development, potentially influencing therapeutic development outcomes. As a result, pre-clinical models that mimic tumor biology in vivo are crucial for accurately assessing therapeutic toxicity and efficacy [6]. Hence, three-dimensional (3D) cell cultures have been designed as an alternative to 2D tissue cultures, as they better mimic and replicate the architecture of in vivo tissue. Table 1 depicts the comparison of different features of culture models. The 3D architecture of human solid tumors, which offers ideal conditions for cellular organization, proliferation, and differentiation, is one of their key characteristics.



In light of this, in vitro 3D cell culture approaches (both scaffold-based and scaffold-free) have developed in recent years as a workable alternative to in vivo animal testing for the aim of drug screening (Table 2) [7,8,9,10].



To replicate microenvironment properties in a 3D model, the scientific community developed many platforms to address various levels of complexity, such as cells seeded on pre-formed porous scaffolds/fibrous materials or encapsulated in biomaterials made of water-soluble polymers called hydrogels. In addition, tissue physiology can be replicated using adult or pluripotent stem-cell-derived organoids, a self-organized 3D tissue culture created from stem cells to reproduce a portion or the majority of an organ’s complexity. In tissue engineering, scaffold-based strategies for growing cells in a 3D environment are highly prevalent [11].



Cells can also be cultured in a multi-channel 3D microfluidic cell culture device that mimics the mechanics, activities, and physiological responses of specific organs or systems [12]. Scaffold-free 3D cell cultures encompass all techniques that promote cell development without using external artificial platforms. These approaches stimulate the production of 3D microtissues as spheroids or multicellular tumor spheroids, in which cells build their own ECM [13].




3. The Need for 3D Spheroid Models


Three-dimensional cell cultures can be used as a substitute for laboratory organisms, reducing the need for animal testing, and toxicity levels for specific 3D cell cultures are similar to those in animal studies [14,15,16]. Various 3D models, such as spheroids, tissue explants, and organoids, have been developed [17]. Spheroids, normally cultured as free-floating aggregates of spherical cellular units, are considered to have a low level of complexity in mimicking the structure of tumors. Additionally, cellular spheroids have distinct cell phenotypes that match the structure of actual tumors, such as necrotic, proliferating, and non-proliferating cells [18]. The earliest evidence of cellular spheroid formation was discovered in 1944 by Holtfreter, while in 1970, Sutherland and coworkers developed a methodology for culturing spheroid cells [19,20]. Several strategies for creating cellular spheroids have been established thus far. The primary condition for forming cellular spheroids is that cell-to-cell adhesion must be higher than cells to substrates [21]. Organoids are 3D-grown cells with structural units that resemble the structure and function of organs in vivo [22]. Three-dimensional cultures can be established with or without the support of an ECM scaffold. Organoid and spheroids culture models serve distinct and complementary objectives, with differences in tumor cell sources, culture techniques, and formation time. Organoids can be cryopreserved and cultured for an extended period. Genetically and histologically, organoids can mimic the original tissue. Additionally, organoids are susceptible to genetic manipulation and can be produced from tiny amounts of tissue [23,24]. These features make them applicable to various applications in cancer research, including drug development, carcinogenesis research, and personalized treatment. The properties of organoid and spheroid are depicted in Figure 1.



Fabrication and Characterization Technique for 3D Spheroids


Spontaneous aggregation is the easiest way to form cellular spheroids, in which cells spontaneously cluster to form 3D cell aggregates. Different techniques like matrix embedding, spinner flasks, ultra-low attachment plates, micro-patterned plates, magnetic levitation, magnetic 3D printing, hanging drop, matrix on top, and matrix encapsulation have been developed over the years to generate spheroids [25]. The advantages and disadvantages of each technique are listed in Table 3 [25,26,27,28,29,30,31].



Many methods are currently used to characterize the features of 3D tumor spheroids, including (i) topography, (ii) morphology, (iii) size, (iv) metastatic potential and invasiveness, (v) gene and protein expression, (vi) cell cycle patterns and (vii) cellular organization of cancer cells. These approaches have also been used to describe the influence of 3DS and cell death on anticancer therapies [32].



Different techniques have been explored for the establishment of histological analysis of 3D tumor spheroids, such as optical and electron microscopy, flow cytometry and Western blotting, ultraviolet–visible spectroscopy (UV/Vis) and fluorescence spectroscopy, UV/Vis and fluorescence spectroscopy, multi-photon microscopy, and confocal laser microscopy (Figure 2).





4. Use of 3D Spheroid Models to Investigate Different Cancers


The intricate microenvironment in which malignant cell reside is essential for the progression of tumor growth. The biochemical as well physical properties of TME are necessary for the proliferation, metastasis, and invasion of cancer cells. Consequently, it is essential to ascertain how malignant cells interact and communicate with supporting tumor-associated cells like endothelial cells, immune cells, macrophages, and fibroblasts. Three-dimensional spheroid models are commonly used to explore the complicated mechanisms behind cancer progression because they simulate the stromal milieu and multicellular structure of an in vivo tumor. Compared to 2D systems and animal models, the 3D spheroid model delivers more accurate information regarding tumor features, drug discovery, cell–cell interactions, and the metabolic profile of cancer cells [33].



In the following paragraph, we will describe a few recent applications of 3D spheroids in cancer research, analyzing the most representative publications.



4.1. Prostate Cancer


Prostate cancer (PCa) is a leading cause of death among men worldwide. The 3D cell cultures allow the functions of living tissue to be mimicked and provide essential information coded in tissue architecture. The crucial role of epithelial–mesenchymal transition (EMT) has been considered in cancer development [34,35].



Regarding the cell lines used for 3D models of prostate cancer, Xu et al. [36] designed a porous chitosan-alginate (CA) scaffold for tissue engineering and analyzed the impact of scaffold stiffness on 22Rv1, PC-3, and C4-2B cell lines. CA scaffold is a 3D culture technology that facilitates phenotypic expression and PCa development with long-lasting scaffold stiffness, mimicking the metastatic advancement phase. 22Rv1 and C4-2B cells (androgen receptor positive) developed multicellular spheroids, while PC-3 cells (androgen receptor negative) formed only clusters.



To design a chemotherapeutic screening tool, PCa cells were co-cultured with fibroblasts. Along this line, Fontana et al. [37] explored the impact of the 3D structure on the development of some primary EMT markers in cultured human DU145 and PC3 cells in 2D monolayers or 3D spheroids. Authors found that several EMT markers, like E-cadherin, are more expressed in 3D spheroids than in 2D monolayers.



This finding helps to understand the role of EMT in PCa and indicates that a 3D model of cell culture may provide further knowledge in cancer biology.




4.2. Liver Cancer


The use of 3D spheroid culture of hepatocellular carcinoma (HCC) cells is promising for understanding tumor–TME interactions and the mechanistic details of chemotherapeutic resistance [38].



Hepatic carcinoma-derived cell lines, like HepG2, C3A, HepaRG, and HuH6, are widely used due to their unlimited growth, availability, and high reproducibility of results. For a better understanding of genotoxicity, Stampar et al. [39] developed a HepG2 3D spheroid model and analyzed the mRNA expression profile of genes coding for cell proliferation, drug-metabolizing enzymes, transporters, and liver-specific factors. The findings showed a time-dependent reduction in cell proliferation, with cell division arrested in both the non-proliferating and proliferating phases of the cell cycle. Furthermore, the spheroids showed improved liver-specific activities as well as substantial physiological significance regarding gene expression of hepatic markers and metabolic enzymes.



The main message is that the initial cell density for spheroid formation is essential in order to produce spheroids with viable dividing cells, a prerequisite for investigating the adverse geno-/toxic effects.



In conclusion, HepG2 3D spheroid models provide a reliable assessment of the genotoxic activity of chemicals and may provide an alternative to animal models.




4.3. Breast Cancer


Triple-negative breast cancer is a highly aggressive form of breast cancer with few therapeutic options since it lacks estrogen and progesterone receptors as well as human epidermal growth factor receptor 2 (HER-2). Altered metabolic pathways are one of the hallmarks of breast cancer, while the concentration of nutrients plays a significant role in the metabolic process of cancer cells.



Bizjak et al. [40] used MDA-MB-231 breast cancer cell lines to analyze the effect of glucose, pyruvate, and glutamine on the metformin metabolic reaction in both a 2D monolayer culture model and a 3D spheroid model. The findings showed that the non-essential amino acids inhibited the effect of metformin on MDA-MB-231 cells in both the 2D culture model and the 3D spheroid model. Glutamine and pyruvate weakly diminished the effects of metformin in 2D culture. Under glucose-depleted conditions, metformin suppressed the proliferation of MDA-MB-231 cells, disintegrated tumor spheroids, and reduced cell survival.



The key message is that glucose is probably the major carbon source to sustain the proliferation of metformin-treated cells. As a result, it is reasonable to believe that MDA-MB-231 cells treated with metformin rely on glutamine metabolism only to a limited extent.



According to the above findings, researchers should examine the source of nutrients when analyzing the effectiveness of metformin in 2D culture and biologically more relevant 3D tumor spheroids.




4.4. Pancreatic Cancer


Pancreatic ductal adenocarcinomas (PDACs) are considered morphologically and functionally heterogeneous. Genetic, transcriptional, and morphological abnormalities have been reported, while researchers found that epithelial or mesenchymal features were more enhanced in 3D cancer models than in 2D models.



Minami et al. [41] investigated the morphological and functional differences between eight PDAC cell lines in 2D and 3D cultures.



They found, in 2D cultures, that most PDAC cells exhibited comparable pleomorphic morphologies. PDAC cells with high E-cadherin and low vimentin expression levels (epithelial) formed small round spheres surrounded by flat-lining cells in 3D culture, whereas those with high vimentin and low E-cadherin expression levels (mesenchymal) formed large grape-like spheres without lining cells and were highly proliferative.



In conclusion, the 3D-culture method can be used to investigate the diversity of PDAC cell lines and may play a significant role in developing customized early detection methods and anticancer drugs for PDAC.




4.5. Thyroid Cancer


Thyroid cancer incidence has increased globally in recent years because of the high population awareness of screening programs, increased laboratory testing and identification in imaging examination, and more accurate diagnostic methods [42].



Oh et al. [43] studied the expression of thyroid differentiation proteins related to iodide-metabolizing pathways in thyroid cancer cells under various culture conditions. One cell line from the thyroid follicular epithelium (Nthy-Ori 3-1) and four (BCPAP, BHP10-3SCp, K1, and TPC-1) from thyroid cancer were grown on agarose-coated plates in 2D adherent cell culture and 3D spheroid culture.



They found that the proliferation in 3D spheroids was significantly reduced, whereas hypoxia-inducible factor-1 (HIF-1) was upregulated. Moreover, 3D spheroids with thyroid cancers exhibited diminished thyroid differentiation markers, whereas thyroid follicular epithelial cells exhibited either a stable or significant decline in protein expression.



Due to cellular proliferation, hypoxia, ECM, morphology, viability, thyroid differentiation, and cytoskeleton changes, researchers confirmed that the 3D spheroid culture environment could mimic in vivo environments.




4.6. Lung Cancer


An estimated 1.6 million deaths/year from lung cancer have been recorded globally, with a 10% survival rate in the last five years. Among this, more than 80% of cases are from non-small-cell lung cancer (NSCLC).



Chauhan et al. [44] investigated the in vitro efficacy of inhaled erlotinib nanoemulsion in the NSCLC A549 cell line.



In this study, the IC50 for the erlotinib-loaded nanoemulsion was 2.8 times lower than that of the erlotinib-free solution. In addition, ex vivo experiments utilizing a 3D spheroid model demonstrated that erlotinib-loaded nanoemulsion is more effective against NSCLC.



Therefore, synthesized nanoemulsion has the potential to be a promising therapy against NSCLC that can be nebulized locally into the lungs.




4.7. Ovarian Cancer


Ovarian cancer (OC) is a significant issue, with a five-year survival rate of about 40%. This is due to the lack of evident and consistent symptoms at the beginning of the disease, which causes more than 80% of patients to be detected at severe stages. More relevant in vitro models that mimic the complexity of the OC microenvironment and the dynamics of the OC cell population are needed to understand OC pathophysiology better and improve drug screening. Recent advances in 3D cell culture and microfluidics have enabled the development of highly novel models capable of bridging the gap between pathophysiology and mechanical models for clinical research [45].



Fiegl et al. [46] analyzed OPRM1 expression, the main receptor and action site of methadone, in OC cell lines and OC tissues. They also investigated pro-angiogenetic, cytotoxic, and apoptotic effects of D,L-methadone in OC cell lines (A2780 A2780Cis, HTB77, OVCAR3, SKOV6, and HOC7) and four patient-derived tumor-spheroid models.



Only OVCAR3 showed OPRM1 expression out of eight at the mRNA and protein level, whilst, in 69% of the analyzed OC tissues, OPRM1-mRNA was detected at a very low level without protein expression. Irrespective of OPRM1 expression, D, L methadone treatment dramatically reduced cell viability in five OC cell lines (SKOV6, OVCAR3, A2780, A2780 Cis, and M019i). D, L-methadone, alone or in combination with cisplatin, had no effect on apoptosis or VEGF secretion in cell lines. There was a significant increase in cell proliferation in two of the four spheroid models after prolonged exposure to D L-methadone, while inhibitory effects of cisplatin in three spheroid models were observed after the addition of D,L-methadone.



In conclusion, the expression of OPRM1 is not necessary for D,L-methadone function in all OC samples. As a result, D,L-methadone may also have negative consequences by promoting the proliferation of certain OC-cells and countering the therapeutic effects of cisplatin.





5. Three-dimensional Spheroid-Based Theragnostic Applications in Cancer Drug Discovery


Three-dimensional spheroid-based theragnostic applications are receiving increasing worldwide attention due to their application in several different therapies. As examples, in the following paragraph, we will describe some recent applications of 3D spheroids for cancer therapy.



5.1. Nuclear Medicine Therapy


Nuclear medicine is a multidisciplinary field that studies physiological processes and uses radiopharmaceuticals to diagnose and treat diseases non-invasively. Three-dimensional models are increasingly being used in radiopharmaceutical research. The primary goal is to characterize novel radiotracers in vitro for nuclear medical imaging using single photon emission computed tomography (SPECT) or positron emission tomography (PET) [47,48,49,50,51,52,53]. Furthermore, 3D models can be used to design targeted nuclear medicine therapy (e.g., effects of α or β labelled radiopharmaceuticals). Table 4 lists the recently developed radiopharmaceuticals using 3D models of various tumor types [54,55,56,57,58,59,60,61,62,63].



Fluorodeoxyglucose PET ([18F]FDG-PET) is commonly used to monitor the therapy response and provide an early indication of the long-term response. This is predicated on the concept that glucose consumption changes correlate with viability and long-term growth [64,65,66,67,68,69].



As an example, Kelly et al. [70] investigated the impact of the PI3K inhibitors (NVP-BEZ235 and NVP-BKM120) on [18F]FDG uptake and its relationship with 3D growth using multicellular tumor spheroids. FaDu (human nasopharyngeal) and EMT6 (mouse mammary carcinoma) cell lines have been used to form spheroids. They found that growth was considerably inhibited (p < 0.0001) in a dose-dependent manner in spheroids from both cell lines treated with either inhibitor. In the highly proliferative cell line EMT6, [18F]FDG uptake was significantly reduced in EMT6 at all concentrations of inhibitor, while in the FaDu, [18F]FDG uptake was affected dose-dependently but to a lesser extent.



This study indicates that [18F]FDG can be an appropriate marker of response to PI3K inhibition in the investigated cell lines.



Another example comes from neuroendocrine tumors (NETs). These are a heterogeneous family of neoplasms that develop from enterochromaffin cells of the diffuse neuroendocrine system. One of the most promising targeted therapeutics for neuroendocrine tumors (NETs) is peptide receptor radionuclide therapy (PRRT) with 177Lu-octreotate (177LuTate), but it rarely achieves complete remission. So, Adant et al. [71] investigated various strategies to enhance the efficacy of 177Lu-Tate PRRT in NET patients.



They used 2D and 3D cell culture models of human-derived GEP-NET and BP-NET cell lines to show that PARPi potentiates the therapeutic efficacy of 177LuTate PRRT in NET. In more detail, PARPi improves PRRT in human NET cell lines by enhancing the downstream effects of 177LuTate-induced DNA damage, including cell cycle arrest and apoptosis. Since several PARP inhibitors, including olaparib, are already being used in the clinic to treat other malignancies, combining PARPi with 177Lu-Tate could offer a new possibility for improving the efficacy of PRRT in patients with NET.



Finally, radiolabeled nanoparticles (NPs) are a potential nuclear medicine technology for diagnostic and therapeutic purposes. Magnetic nanoparticles (NPs) can be used in nuclear medicine to diagnose and treat [72,73,74]. Unak et al. [75] used superparamagnetic iron oxide (SPION) NPs labeled with two scandium radionuclides, 44Sc and 47Sc, for detecting and treating prostate cancer. A 3D spheroid model has been developed using the LNCaP (PSMA+) and PC-3 (PSMA−) prostate cancer cell lines. The radio-bioconjugate showed much greater affinity and cytotoxicity for LNCaP (PSMA+) human prostate cancer cells than for PC-3 (PSMA-) cells. Radiotoxicity investigations on LNCaP 3D spheroids validated the high cytotoxicity of radio-bioconjugate. The authors concluded that this investigation showed that a stable magnetic PSMA radio-bioconjugate tagged with 44Sc and 47Sc could be used to treat aggressive prostate cancer.




5.2. Stem Cell Therapy


Cancer stem cells (CSCs) are distinguished by an improved self-renewal potential, the ability to seed novel tumors, and chemo-resistance [76,77]. Different strategies convey the progress of CSC-targeting drugs, including (i) patient sample inadequacy, (ii) physiological relevance of the culture platform, (iii) drug sensitivity differs amongst patients, and (iv) difficulty in expanding and maintaining CSCs in vitro [78]. CSC research in 3D models could help us better understand carcinogenesis, tumor growth, metastasis, and recurrence in vivo and contribute to possible drug discovery for the treatment of tumors.



As an example, to mimic the in vivo situation as closely as possible, Wessely et al. investigated the effect of bone marrow-derived mesenchymal stem cells (BMSCs) from four different donors combined with four head and neck squamous cell carcinoma (HNSCC) cell lines in a 3D spheroid model [79,80] and also analyzed the gene and protein expression of several markers that are typically involved in chondro-, osteo-, and adipogenic differentiation of mesenchymal stem cells (MSCs). Results demonstrated that the two osteogenic markers RUNX2 and ALPL were up-regulated in heterogeneous BMSC/HNSCC spheroids, implying that direct interaction between HNSCC and BMSCs leads to BMSC priming toward the osteogenic lineage, leading to increased invasive behavior of the tumor cells [81].



This research provides new perspectives on the intricate relationship between HNSCC and its tumor stroma, which could help in the development of novel therapies to prevent HNSCC disease progression.




5.3. Photodynamic Therapy


Photodynamic therapy (PDT) generally consists of three distinctly harmless elements, such as photosensitizers (PS), followed by light and oxygen, which promote cell damage. PDT has already been widely studied for clinical applications like cancer treatment and other diseases like posterior capsule opacification and age-related macular degeneration [82,83].



Dobos et al. [84] developed a two-photon (2P) excited photosensitizing agent (TPE-PS) pre-screening platform employing a 3D osteosarcoma (MG63 cells) model with adipose tissue-derived stem cells (ASC/TERT). Three different two-photon (2P) active substances like porphyrin derivative (TPP), fluorescent dye Eosin Y, and a 2P sensitizer P2CK were used to test this developed system. Their findings showed a 65% and 75% cell viability reduction after 2P irradiation in the presence of P2CK and TPP, respectively. This pre-screening method allows for high-throughput profiling of TPE-PS and a comprehensive investigation of PS efficacy in vitro.



Another example was reported by Kumari et al. [85] They developed a self-assembled amphiphilic polymer, chlorine e6-conjugated methoxy-poly (ethylene glycol) poly (D, L-lactide) (mPEG-PLA-Ce6), to form stable NPs. Cellular internalization and phototoxicity of human lung adenocarcinoma cells (A549) were studied in monolayer and 3D spheroids. A time-dependent cellular internalization uptake of mPEG-PLA-Ce6 was observed, while the phototoxicity of mPEG-PLA-Ce6 to A549 cells increased significantly when compared to free drug, which could be attributed to precise cellular uptake and rapid release of Ce6 from nanoparticles. This proposed delivery system was able to transport Ce6 to cancer cells more efficiently while also imparting stability and increasing phototoxicity. As a result, the Ce6 micellar system developed has the potential for efficient cytosolic delivery of PSs for photodynamic therapy of solid tumors.




5.4. Immune Therapy


Finally, immune checkpoint inhibitor therapy has improved clinical practice for patients with various cancers, as these inhibitors have shown substantial overall survival progress and are successful in many cases. Additionally, inherent or acquired resistance also exists, and predictive biomarkers of sensitivity can aid in selecting patients and determining the appropriate treatment options. The 3D cell culture models mimic the landscape tumor microenvironment and screen immunomodulatory drugs [86].



Herter et al. [87] explored the adaptability of a 3D heterotypic spheroid model composed of tumor cells, fibroblasts, and immune cells by investigating drug targeting and immune cell infiltration, activation, and cytotoxicity in response to novel cancer immunotherapy agents (IgG-IL2v and T-cell-bispecific antibodies (TCBs)) used alone and in combination. T, NK, and NKT cell activation was indicated by increased expression of CD69 marker and increased cytokine secretion after IgG-IL2v therapy. The combination of TCBs with IgG-IL2v molecules surpassed monotherapy by enhancing immune cell infiltration and activation as well as faster, more efficient removal of targeted cells and cytokine release. This study demonstrates that the 3D heterotypic spheroid model is a novel and versatile tool for in vitro evaluation of cancer immunotherapy agents, allowing for the analysis of immune cell infiltration and drug targeting.





6. Nanocarriers in 3D Spheroids Model


There has been a significant increase in innovation in the field of nanomedicine, primarily focusing on the development and analysis of specifically engineered carrier systems to transport payloads of therapeutic and diagnostic agents to achieve the target and sustain delivery [88,89,90,91]. Nanoparticles (50–200 nm) prevent off-target effects by providing a longer circular duration, discharging active ingredients at a target site in a controlled manner, and successfully translocating across cell membranes. Furthermore, the modern, diverse chemical composition materials utilized in the production of nanoparticles allow for the encapsulation of diagnostic and therapeutic agents with different physicochemical properties [92,93]. For such advanced nanocarriers, this less-than-stellar commercial performance may be due to the difficulties encountered during their classification and, ultimately, consistent development in their bulk size. Conventional 2D cell culture models evaluate the efficacy of NP in early growth, but transitioning from such over-simplified models, typically with over-promising findings, to more intricate in vivo conditions takes time. Information on the cellular interaction of NPs can be obtained using in vitro cell culture models. In contrast, animal models can be used to extract evidence on the effectiveness and toxicity of NPs. However, there needs to be more knowledge about the association of NPs with tissue components and structures like cells, ECMs, and other physiological variables that 3D tissue models can measure. Emerging drug-intensive nanomedicines are a positive path to solving these issues [94,95,96]. Nanocarriers solubilize, avoid degradation, and enhance the biopharmaceutical properties of the drug through encapsulation, facilitate long drug diffusion, and increase stability. In comparison, drug-loaded nanocarriers show improved permeability and retention effects, which enhance the drug concentration at the tumor site compared to the normal tissues while improving the effectiveness and toxicity of the loaded drug [97,98].



Multicellular tumor spheroids (MCTS) are now recognized to be more accurate than 2D cell-culture-based assessments for high-throughput drug screening. This approach enables the identification of negative and positive new drug possibilities, notably nanotherapy, to eliminate the need for animal testing [99,100,101]. Patra et al. recently established the efficacy of flow cytometry pair microfluidics for the rapid development and viability evaluation of a large number of well-defined sizes MCTS exposed to and coupled with various drugs [102]. When assessing the capacity of NPs to be useful in vivo, the relationship between the ability of NPs to accumulate/penetrate the spheroid and drug cytotoxicity is considered [103,104,105].



Table 5 summarizes recent research using the MCTS model to test compound accumulation, penetration, and cytotoxicity to show the anticancer ability of novel nanotherapeutics in this background. In general terms, with NPs displaying high penetration and aggregation, the highest cytotoxic effect was achieved in MCTS. The DOX, one of the most widely used drugs in oncology, has played a vital role in many nano-formulations, either approved for patient care or undergoing clinical investigations [106]. The significant adverse effects caused by DOX inpatients are, in fact, a considerable argument for increasing the targeted distribution of DOX to tumors (Table 5) [104,107,108,109,110,111].



6.1. Dendrimers


The most important feature of dendrimers is transferring bioactive materials such as drugs, genes, vaccines, and metals to the specified location [112,113,114,115]. Due to the hollow space found within dendrimers, narcotics and other bioactive are loaded into it using physical or chemical approaches and act as a medium for the distribution of drugs. Different dendrimers such as poly(amidoamine) (PAMAM, i.e., StarburstTM), poly-L-lysine (PLL), poly (propylene imine) (PPI) and Triazine, have broadly been discovered as gene and drug delivery carriers for tumor imaging worldwide for enhanced diagnosis and cancer treatment [112,113,116,117].



Rompicharla et al. [118] developed generation 4 (G4) PAMAM dendrimers to deliver a poorly soluble anticancer agent like PTX to cancer cells, specifically through its dendrimer surface conjugation. The conjugates were tested in vitro in cell monolayers and the 3DS of biotin receptor over-expressed cell line A549 (human non-small cell lung cancer).



The G4-PTX-PEG-biotin conjugate had considerably higher penetration in monolayers as well as in spheroids. The G4 PTX PEG-biotin conjugate demonstrated higher cytotoxicity compared to free. The G4-PTX-PEG-biotin showed significant inhibition of tumor spheroid development. The recently synthesized PTX-conjugated dendrimer device anchored biotin is encouraging and can be investigated to effectively provide PTX to over-expressed cancers with biotin receptors.




6.2. Quantum Dots


Quantum dots (QDs) introduce new perspectives into the theragnostics of cancer. In conjunction with the easy probability of altering the surface with guiding molecules, exceptional visibility allows QDs to be used as enticing agents in fluorescence-guided surgery and photodynamic therapies [119,120]. Some targeted QDs are currently being established for theragnostic purposes. Nevertheless, their targeting ability was evaluated mainly in tumor cell models of a 2D monolayer.



Mangeolle et al. [121] demonstrated the ability of folic acid (FA)-conjugated QDs to target tumors in a spheroid model (KB cell spheroid model), thus validating the essential function of the FRα receptor as a target. The findings confirmed the specificity of QD-FA for the folic acid receptor-positive KB cells. In a 3D tumor spheroid model, the QD-FA uptake was enhanced when compared to nontargeted QD.




6.3. Carbon Nanotubes


Carbon nanotubes (CNTs) have been explored as promising nanocarriers for the delivery of bioactives [122,123,124,125]. It has been shown that multi-walled carbon nanotubes (MWCNTs) induce the development of pro-fibrotic and inflammatory mediators and histopathological modifications in infected animal lungs. It has been shown that 3D in vitro models recapitulate human physiology more reliably than conventional 2D in vitro or in vivo animal models, offering a new, more reliable approach to assessing chronic and acute toxicity in a structured nanomaterial toxicity research system.



Since inhalation is a significant route of exposure to nanomaterials; Kabadi et al. [126] developed scaffold-free 3D lung microtissues by culturing human lung fibroblasts (IMR-90) and epithelial cells (BEAS-2B) with macrophages (primed THP-1 monocytes). These microtissues were exposed to M120 carbon black NPs, MWCNTs, or crocidolite asbestos fibers for 4 or 7 days. The study outcomes demonstrated that the application of 3D microtissues can predict chronic pulmonary endpoints by exposure to asbestos fibers or MWCNTs. In conclusion, 3D lung microtissues provide a significant method of investigation for assessing the development of nanomaterial-induced cell-matrix and identifying toxicity pathways, paving the way for a more precise and physiologically appropriate approach to in vitro NP toxicity monitoring.




6.4. Liposomes


Liposomes have revolutionized cancer therapy due to their broad clinical applications. Liposomes resolve the restrictions of traditional chemotherapy by enhancing the bioavailability and stability and minimizing side effects through site-specific targeted delivery of drugs [127].



Rodallec et al. [128] developed 3D spheroid models to test the efficacy of trastuzumab docetaxel (DTX) immune liposomes in breast cancer. Two breast cancer cell lines, MDA-MB-453 mammary breast cells and MDA-MB-231 triple-negative cells, were evaluated. To assess the viability, fluorescence detection of 3DS was developed and tested. Tumor growth was reduced by 66% (MDA-MB-453) and 29% (MDA-MB-231) relative to T-DM1 and 89% (MDA-MB-453) and 25% (MDA-MB-231) compared to free DTX + free trastuzumab. These findings conclude that immunoliposomes can achieve higher efficacy than reference treatments (i.e., free docetaxel + trastuzumab or T-DM1), most likely due to improved drug delivery based on passive and active targeting.




6.5. Polymeric Micelles


Polymeric micelle, the self-assembled amphiphilic block copolymer produced in an aqueous solution, has an inner hydrophobic center and an outer hydrophilic shield, also identified as a corona [129]. These act as a primary vector for the transmission of anticancer drugs and, due to their core–shell configuration, may imitate the biological transport system [130,131].



Kumari et al. [132] developed a nano-formulation that encapsulates Ce6 in the copolymeric micelles of methoxy-poly (ethylene glycol) poly (D, L-lactide) (mPEG-PLA). The therapeutic efficacy of Ce6-mPEG-PLA micelles after exposure was tested in vitro in 2D and 3D cell culture systems utilizing human uterine cervical cancer (HeLa) and human alveolar adenocarcinoma (A549) cells in monolayers and spheroids, respectively. Compared to free Ce6, the Ce6-mPEG-PLA micelle-mediated PDT showed improved cellular uptake and cytotoxicity in both cell types. The Ce6-loaded micelles penetrated deeply into the spheroids, causing phototoxicity and cell death in the A549 spheroidal model. These findings suggested that the newly synthesized nano-formulation of Ce6 could be used in PDT as a successful therapeutic strategy for solid tumors.




6.6. Silver Nanoparticles


Compared with other metallic NPs such as magnesium, iron, zinc, copper, and titanium, silver nanoparticles (AgNPs) have been proven to be the most potent antimicrobial agents [133]. However, when used as a product disinfectant, AgNPs present many risks as they induce toxicity in mammalian cells, and due to exposure to platinum, argyrosis and argyria are induced.



Arora et al. [134] developed glioblastoma U-87 MG and breast cancer MCF7 spheroids to assess the therapeutic prospect of recombinant phosphatase and tensin homolog (PTEN) protein. The efficacy of PTEN-nanocomposites on MCF7 and U-87 MG spheroids indicated successful control of the cellular environment, resulting in cell cycle arrest, gene expression regulation, and reduced spheroid proliferation. In 3D spheroid cells, greater dosages of recombinant PTEN protein are required to achieve a similar effect as in monolayer cultures, indicating the complexity of the 3D spheroid cultures.




6.7. Nanogels


Nanogels are revolutionary hydrogel structures containing cross-linked polymers of natural or synthetic origin with a strong capacity to hold water. The hydrophilic structure of nanogel has good water absorption and exhibits regulated and sustained release. Nanogels demonstrate promising characteristics such as high biodegradability, biocompatibility, capacity to load drugs, and good penetration power [135,136].



Cheng et al. [137] developed D-α-Tocopheryl polyethylene glycol succinate (TPGS)-grafted and acid-responsive soybean protein (SP)-based nanogels for effective intracellular drug release and accumulation in A549 and A549/DDP cells. A series of 2D and 3D cell evaluations confirmed that TPGS-modified nanogels can enhance cellular uptake and drug accumulation, resulting in a more significant antitumor effect in drug-resistant cells. These findings conclude that smart SP-based nanogels have a high potential for more efficient and long-lasting drug treatment in cancer cells, particularly in overcoming multidrug resistance in solid tumors.




6.8. Nanodiamonds


Nanodiamonds find new and far-reaching uses in contemporary biomedical sciences and biotechnology. Because of their superior biocompatibility, nanodiamonds act as flexible frameworks that can be incorporated into microfilm applications centered on polymers. Nanodiamonds complexed with a chemotherapeutic allow the drug to be released sustainably and slowly for at least one month, with a considerable amount of the drug in reserve [138].



Madamesetty et al. [139] developed DOX-loaded PEG-functional nanodiamonds (ND-PEG-DOX), which substantially improved the free drug in an orthotopic pancreatic xenograft model. ND-PEG-DOX showed significantly more uptake when compared to free DOX in both BxPC3 and PANC-1 cell lines. A superior cytotoxic effect was also recorded when we compared ND-PEG-DOX to free DOX in a 3D tumor spheroid model of PDAC. These findings conclude that ND-mediated drug delivery can enhance therapeutic outcomes in PDAC.




6.9. Polymeric Nanocarrier


Because of some intrinsic properties such as non-immunogenicity, nontoxicity, biocompatibility, and biodegradability, polymeric NPs are used in nanostructures as an alternative approach [140]. The biodegradable polymer poly(lactic-co-glycolic) acid has been shown to have significant potential as a drug delivery vehicle [141,142,143,144,145].



Le et al. [146] designed docetaxel-loaded pegylated poly(D, L-lactide-co-glycolide) NPs conjugated with anti-HER2 single-chain antibodies (scFv–Doc–PLGA–PEG) and evaluated the cellular uptake and cytotoxic effect of scFv–Doc–PLGA–PEG on a 3D tumor spheroid model of BT474 (HER2-overexpressing) and HCT116 (HER2-underexpressing) cancer cells. Compared to HER2-underexpressing cancer cell spheroids, the nanoparticle formulation coupled with scFv had a considerable internalization effect on HER2-overexpressing cancer cell spheroids. Thus, the cytotoxic effects of targeted nanoparticles diminished the size and increased the necrotic score of HER2-positive tumor spheroids. This drug delivery system has been presented as a possible method for improving the efficacy of nanoparticles in active targeting for HER2-overexpressing cancer therapy.




6.10. Nanozymes


Some constraints substantially limit the broad usage of enzymes. Enzymes are proteins or RNA rapidly degraded by ribonuclease and protease, making them difficult to transport and store. Environment-sensitive enzymes can catalyze specific reactions due to their different three-dimensional architectures. Therefore, enzymes are quickly denatured and inactive when exposed to severe circumstances such as strong acids/bases and high temperatures. Enzymes are often extracted from living cells, resulting in lengthy and expensive purification and separation operations. The fabrication of artificial enzymes is currently being investigated as a potential solution to these problems. Nanozymes, with their capacity to mimic enzymes and nanoscale size, have risen to prominence in artificial enzymes. Nanozymes are nanomaterials that use enzyme kinetics to catalyze chemical reactions under physiological conditions requiring enzyme substrates [147]. Like regular enzymes, nanozymes possess great catalytic activity and can accelerate biological activities. Nanozymes often have simple preparation/purification processes, minimal production costs, and good stability due to their nanomaterial composition.



Valho et al. [148] developed a peroxidase-like (POD) nanozyme for biocatalytically destroying glioblastoma (GBM) cancer cells based on a 3D spheroid model.



The results indicated that these nanozymes inhibited tumor growth and dramatically reduced malignant tumor volume (~40%following nanotherapeutic therapy. The kinetics of anticancer activity of these novel nanotherapeutic agents decreased with the incubation period of the GBM 3D models, demonstrating a trend frequently observed in TMEs.





7. Conclusions and Future Perspectives


Animal models are primarily used in the laboratory to observe the therapeutic effects of drugs for anticancer treatment. Currently, the application of 3D models is gaining more attention in clinical research. Compared with 3D cell cultures, spheroids are more effective because of their reproducibility, ease of handling, and economic properties, which can help the large-scale production of cellular aggregates for high-throughput screening of pharmaceuticals. The 3DS system can precisely describe the in vivo cancer microenvironment, enabling the exploration of the fundamental biological mechanism associated with metastasis and primary tumors, and helps to analyze the therapeutic effects of nanocarriers, cell targeting efficacy, and related nanotoxicity. Various research data demonstrate that spheroids may represent the most effective model to characterize solid tumors. Improving the methodology of spheroid development and further exploring the microenvironmental biology of tumors is essential in promoting the correlation between spheroid models and the human body.
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Figure 1. A comparison of organoid with spheroids models. 
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Figure 2. Characterization techniques for 3D tumor spheroids. 
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Table 1. A comparison between three different cultural models.
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	Culture Models
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PDX Animal Model
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2D Model
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3D Model





	Ethical and regulation issues
	Yes
	No
	No



	Model complexity
	Very complex
	Complex
	Intermediate



	Physiological relevance
	High
	Intermediate
	More than 2D



	Reproducibility
	Unsuited
	High
	Less than 2D



	Data provider
	Difficulty in exploit
	Easy exploit
	Easy exploit



	Drug screening
	Less effective
	Highly effective
	Effective



	Controlled microenvironment
	No
	Yes
	Yes



	Mimicking the original tumors
	Intermediate
	Less
	Intermediate



	Preservation of tumor morphology
	Intermediate
	Less
	Less



	Success rate of model generation
	Less
	Less
	Intermediate



	Maintenance
	High
	Less
	Intermediate



	Cost
	High
	Less
	Intermediate










 





Table 2. Benefits and associated risks between scaffold-based and scaffold-free systems.
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	3D Tumor Models
	Formulation Technique
	Benefits
	Associated Risks
	References





	Scaffold-based systems
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Seeding of cells on an acellular 3D artificial matrix



	
Cell dispersion in hydrogels





	
	
Personalized



	
Co-cultures possible



	
The large variety of materials also decellularized matrix



	
A large number of cell-cell interactions take place





	
	
External biomaterials are required



	
ECM is artificial



	
Cell removal may be difficult



	
No cell/extracellular matrix (ECM) interactions



	
Not always optically transparent



	
Limited high-throughput screening (HTS) options



	
Expensive





	[7,8]



	Scaffold-free systems

[image: Cancers 15 04846 i005]
	
	
Microfluidic



	
Hanging drop



	
Liquid overlay



	
Spinner flask



	
Magnetic bioprinting





	
	
No external biomaterials are required



	
ECM is produced by the cells



	
HTS approach possible



	
Co-cultures possible



	
Optically transparent



	
The majority of techniques are inexpensive



	
A large number of cell-cell interactions take place





	
	
For the formation of uniform spheroids, optimizations may be required



	
Poor control over spheroids



	
No porosity





	[9,10]










 





Table 3. Different 3D spheroid fabrication techniques and their advantages/disadvantages.
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	Techniques
	Advantages
	Disadvantages
	References





	Hanging drop technique (HDT)

[image: Cancers 15 04846 i006]
	
	
Simple and economic



	
Spheroids can be formed in distinct compartments



	
Special equipment not required



	
The shape and size of the spheroids are reproducible





	
	
Not stable



	
Laborious



	
Spheroids can hold large volumes of media due to long-term culturing





	[26,27]



	Spinner flask

[image: Cancers 15 04846 i007]
	
	
Mass production



	
High throughput



	
Simple





	
	
Expensive



	
Nonhomogeneous size and cell composition





	[28,29]



	Magnetic levitation and magnetic bio-printing

[image: Cancers 15 04846 i008]
	
	
Imaging and other biochemical assays can be multiplexed.



	
On the same plate, endpoint analysis can be performed.





	
	
Limited numbers of spheroids



	
Beads at high concentrations might be toxic to cells



	
Beads are expensive





	[28,29]



	Liquid overlay technique (LOT)

[image: Cancers 15 04846 i009]
	
	
No need for specific equipment



	
Simple and economic



	
Specific compartments should be used for each spheroid





	
	
To obtain spheroids of uniform size and shape, optimization is required.



	
The method of plate preparation can be laborious.





	[30]



	Microfluidics

[image: Cancers 15 04846 i010]
	
	
Rapid formation of spheroids



	
Continuous perfusion



	
The shape and size of the spheroids are reproducible



	
The capacity to monitor the exchange of nutrients and gases





	
	
Spheroid extraction can be difficult



	
Manufacturing of the instrument includes specialized materials and equipment.





	[31]










 





Table 4. Examples of radiopharmaceuticals utilized in 3D models of various tumor types.
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	Radionuclide
	Conjugation
	Targeted Tumor
	Result
	Ref.





	224Ra and 212Pb
	224Ra/212Pb-TCMC-TP-3 and 212Pb-TCMC-TP-3
	Osteosarcoma
	An 11.4-fold reduction in spheroid viability has been shown in treatment with 1 kBq/mL of 224Ra/212Pb-TCMC-TP-3 for 24 h compared with unconjugated 224Ra/212Pb.
	[54]



	223Ra
	223Ra-hydroxyapatite (HAp) 3DS model
	Prostate cancer cells
	It generated high levels of apoptosis by inhibiting cell growth irrespective of cell type.
	[55]



	90Y
	Cetuximab (C225)
	Head and neck squamous cell cancer (HNSCC)
	Unconjugated C225 treatment did not affect spheroid development or cell viability.
	[56]



	213Bi
	HER-2/neu antigen
	Breast cancer
	Effective in treating early-stage HER-2/neu--expressing micrometastases.
	[57]



	177Lu
	DOTATATE peptide
	Neuroendocrine tumors
	177LuDOTATATE inhibited the growth of BON and NCIH727 spheroids but did not affect NCIH460 spheroids.
	[58]



	212Pb
	Monoclonal antibody (mAb) 376.96
	Pancreatic ductal adenocarcinoma
	PDAC3 cell clonogenic survival was decreased by 212Pb-376.96.
	[59]



	131I
	ICF01012

MEK inhibitors (MEKi)
	Melanoma cells
	MEKi combined therapy may be beneficial in treating advanced pigmented BRAF-mutant melanoma.
	[60]



	225Ac
	Polymersomes
	Glioblastoma
	Effectively inhibit tumor spheroid growth
	[61]



	131I
	Meta-iodobenzylguanidine (MIBG)
	Neuroblastoma
	In vivo, 13II-MIBG may spare smaller micrometastases.
	[62]



	125I
	Deoxyuridine (IUdR)
	Glioblastoma
	Nuclear incorporation of [125I]IUdR decreased significantly as spheroid size increased.
	[63]










 





Table 5. Multicellular tumor spheroids model for testing of drug/bioactive.






Table 5. Multicellular tumor spheroids model for testing of drug/bioactive.





	Drug/Bioactive
	Nanocarriers
	Target
	Ligand
	MCTS
	In Vivo Study
	Drug Resistance
	Ref.





	Oregon Green PTX
	Liposomes/micelles
	Integrin
	iRGD peptide
	Lung cancer
	Negative
	Negative
	[101]



	PTX + CUR + Rhodamine
	PEG-phosphatidyl
	Tf receptors
	Tf
	Ovarian cancer
	Positive
	Positive
	[103]



	DOX + CUR
	Micelles
	GLUT1
	GLUT1-scFv
	Brain cancer U87MG
	Negative
	Positive
	[104]



	DOX
	Chitosan NPs
	Sialic acid groups
	CPBA
	Brain cancer SH-SY5Y
	Positive
	Negative
	[105]



	DOX
	Liposomes
	Tf receptor
	TAT
	Brain cancer C6
	Positive
	Negative
	[106]



	DOX
	PLGA NPs
	Tf receptors
	Tf
	Lung cancer A549
	Positive
	Negative
	[107]







Abbreviations: MCTS—multicellular tumor spheroids; DOX—Doxorubicin; CPBA—4-carboxyphenyl boronic acid; Tf—Transferrin; PLGA—Poly(d,l-lactic-co-glycolic acid); NPs—nanoparticles; CUR—Curcumin; PTX—Paclitaxel; GLUT1—glucose transporter-1 antibody; PEG—polyethylene glycol; TAT—Adenosine-5’-Rp-Alpha-Thio-Triphosphate; scFv—single-chain fragment variable.
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