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Advances in nanotechnology have favored the development of novel colloidal formulations able to modulate the pharmacological and biopharmaceutical properties of drugs. The peculiar physico-chemical and technological properties of nanomaterial-based therapeutics have allowed for several successful applications in the treatment of cancer. The size, shape, charge and patterning of nanoscale therapeutic molecules are parameters that need to be investigated and modulated in order to promote and optimize cell and tissue interaction. In this review, the use of polymeric nanoparticles as drug delivery systems of anticancer compounds, their physico-chemical properties and their ability to be efficiently localized in specific tumor tissues have been described. The nanoencapsulation of antitumor active compounds in polymeric systems is a promising approach to improve the efficacy of various tumor treatments.
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INTRODUCTION
Cancer is the second leading cause of death in the world, and was responsible for approximately 9.6 million deaths in 2018 (Bray et al., 2018). Over the next 20 years, the number of new cases is estimated to increase by about 70% (Siegel et al., 2017). Cancer therapy is considered a multidisciplinary challenge requiring close collaboration among clinicians, biologists, and biomedical engineers (Danhier et al., 2010). Current cancer treatments include surgery, radiation, and chemotherapy, but the effects of these procedures may cause damage to normal as well as tumoral cells. The resultant systemic toxicity and adverse effects greatly limit the maximum tolerated dose of anti-cancer drugs, and thus restrict their therapeutic efficacy. In particular, surgery together with radiotherapy are the first choice used for local and non-metastatic cancers, while anti-cancer drugs (chemotherapy, hormone, and biological therapies) are the treatments currently employed in metastatic cancers and adjuvant therapies (Tran et al., 2017). The toxicity of conventional chemotherapeutic drugs, as well as the indiscriminate destruction of healthy cells and the development of multidrug resistance, are the motivating thrust behind research on novel targeted treatments (Pérez-Herrero and Fernández-Medarde, 2015; Tran et al., 2017). The main challenge is to improve the selectivity of anticancer drugs for tumor cells and the tumor microenvironment, while sparing healthy cells and tissues. In this context, a promising approach is the targeting of tumor tissue by nanomedicine-based therapeutics (Oerlemans et al., 2010). These formulations are made up of submicrometer-sized carriers containing the active compound(s), which are able to selectively diagnose and treat tumors by suitable targeting vectors, thus improving the therapeutic index and the pharmacokinetic profile of the anticancer drugs that are delivered.
Nanocarriers can retain multiple therapeutic agents not only to enhance their therapeutic effect on a synergestic or additive basis, but also to overcome acquired resistance to single chemotherapeutic drugs. Many tumors develop chemo-resistance through many mechanisms, including induction of the drug efflux rate or the downregulation of uptake mechanisms (Mansoori et al., 2017). Nanoparticulate formulations can overcome this limitation by providing an alternative pathway of cellular internalization. Currently, several therapeutic nanoparticle platforms are being investigated for targeted cancer treatment, including lipid-based, polymer-based, inorganic, viral, and polymer-drug conjugated systems. In the past two decades, over 20 nanotechnology-based therapeutic products have been approved for clinical use. Among these products, liposomal systems and polymer-drug conjugates are two of the most important groups, and many other formulations are under clinical investigation, including chemotherapy, hyperthermia, radiation therapy, gene or RNA interference (RNAi) therapy, and immunotherapy (Wicki et al., 2015).
Nanocarriers have unique features such as their nanometric size, high surface area-to-volume ratio, favorable drug release profiles and targeting features which can promote their preferential accumulation in tumor tissues (Wicki et al., 2015). Most nanosystems for the treatment of solid tumors are administered systemically and accumulated in the tumor tissues through the enhanced permeability and retention (EPR) effect, which is generally thought to be the result of leaky tumor vasculature and poor lymphatic drainage (Maeda, 2015). However, this interpretation of EPR-dependence is simplistic, because the biodistribution of systemically administerd nanosystems can be influenced by multiple biological factors, including interaction with plasma proteins, blood circulation time, extravasation, penetration of tumor tissue, and cancer cell uptake (Shi et al., 2017). Modification of the surfaces of the nano-systems—which are able to confer specific targeting properties or stimuli-sensitive responses—also affect their overall distribution.
Much of our current knowledge regarding the in vivo behavior of nanoparticulate systems is based on data obtained from animal models. But relatively few investigations have correlated the obtained data in order to determine whether and how the safety and the efficacy of nanoparticles in humans can be better predicted by using these animal models (Hrkach et al., 2012; Zuckerman et al., 2014). There also exist a number of scientific articles which focus on specific aspects and applications concerning the development of polymeric nanoparticles. Therefore, this work is not intended to be a review of all the research performed in this area, but rather to provide the basic concepts and ideas related to the preparation and use of polymer-based nanoparticles as drug carriers in cancer therapy. This article offers an overview and discusses the most important findings and prospects as illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Overview of the main features of polymeric nanoparticles.
TUMOR MICROENVIRONMENT
The microenvironment of tumor tissue significantly differs from that of healthy tissue. These differences include vascular abnormalities, oxygenation and perfusion levels, pH, and metabolic status (Abadjian et al., 2017). Solid tumors are characterized by a heterogeneous population of neoplastic cells supplied by an irregular and discontinuous endothelium with large gaps between the endothelial cells, and abnormally thick or thin basement membranes where pericites are loosely attached to endothelial cells (Figure 2). The irregularity of tumor blood vessels in their distribution, diameter, density, and serpentine shape, can be the cause of poor perfusion which leads to excessive fluid extravasation (Khawar et al., 2015). The two main causes of this heterogeneity are spatial stress, resulting from rapid tumor growth, and the abnormal extracellular matrix which can compress the vessels and partially block the flow of blood [which causes the escape of plasma and a high interstitial fluid pressure (IFP)] (Jain, 2013). The IFP is highest at the center of solid tumors and decreases radially, creating a movement of fluid away from the central region of the tumor. This phenomenon contributes to a reduced transcapillary transport of therapeutic drugs as well as their scarce accumulation in the middle of the tumor (Danhier et al., 2010). The elevated IFP and associated peritumoral edema also assist in the transport of growth factors and cancer cells away from the tumor, thus favoring tumor progression, while the abnormal and disorganized tumor vasculature results in inefficient blood flow inside the tumor mass, hypoxia, and low extracellular pH (Khawar et al., 2015).
[image: Figure 2]FIGURE 2 | Differences between a physiological and a tumor environment. Figure generated from Servier Medical Art.
Hypoxia plays a crucial role in tumor growth and metastasis through the induction of molecular signaling which is responsible for genetic instability, inflammation, immunosuppression, epithelial–mesenchymal transition and altered metabolism (Jing et al., 2019). It also confers resistance against several kinds of treatment, such as radiation, chemo-, photodynamic and immunotherapies, which require oxygen for efficacy (Jain, 2013). By virtue of the hypoxia-inducible factor-mediated pathway, hypoxia promotes angiogenesis. Oxygen can diffuse for maximum 150 µm beyond the capillary wall, which implies that when a tumor reaches a certain size (∼2 mm3), a state of cellular hypoxia begins. Angiogenesis is a cellular mechanism which is upregulated in tumoral microenvironments and creates new blood vessels to further assist tumor growth by supplying oxygen and nutrients (Jászai and Schmidt, 2019). This process consists of five steps: i) endothelial cell activation, ii) basement membrane degradation, iii) endothelial cell migration, iv) new vessel formation, and v) angiogenic remodeling. In the first phase, hypoxia induces an increase of the hypoxia-inducible factor-mediated transcription of pro-angiogenic proteins such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and tumor necrosis factor-α (TNF-α) (Wigerup et al., 2016). Activated endothelium regulates the migration of endothelial cells through the extracellular matrix during vessel formation, due to the expression of a dimeric transmembrane integrin αvβ3 which interacts with the proteins of the extracellular matrix (vitronectin, fibronectin, etc.) (Demircioglu and Hodivala-Dilke, 2016). Successively, the matrix metalloproteinases synthesized by the activated endothelial cells degrade the basement membrane and the extracellular matrix. This process causes the apoptosis of the inner layer of endothelial cells, leading to the formation of a vessel lumen and remodeling of the immature vasculature, stabilized by pericytes and smooth-muscle cells. Often this step remains incomplete, resulting in irregularly-shaped, dilated, and tortuous tumor blood vessels. The angiogenic switch is the crucial phase in which a tumor changes from a non-angiogenic to an angiogenic phenotype and allows the dissemination of cancer cells throughout the body (Jászai and Schmidt, 2019).
Hypoxia also results in metabolic acidosis caused by increased glycolysis (the Warburg effect); this lowers the extracellular pH to 6.0–7.0 (De Palma et al., 2017). Acidosis is also a factor in epithelial–mesenchymal transition and it synergistically contributes to tumor invasion and metastasis (Yang et al., 2016). Because of their rapid growth, tumor cells continue to exploit glycolysis as an ATP-generating pathway even when oxygen is available, lowering dependence on glucose oxidation for energy production (Fu et al., 2017). This metabolic preference is mostly due to defective mitochondrial function (Kim et al., 2009). The elevated breakdown of glucose produces large amounts of lactic acid and significant amounts of free protons (H+) which are pumped into the extracellular milieu by mechanisms involving the carbonic anhydrases IX and XII (Martinez-Outschoorn et al., 2017). The resulting pH gradients between intra- and extracellular compartments within the tumor tissue, as well as between the tumor mass and the general host tissue, are potential sources of variable and often inefficient partitioning and distribution of drugs. Exposure to chemotherapy may favor the selection of tumor-cell clones with acidic organelles, which are able to entrap the drugs, and if these organelles are part of the secretory pathway, then the drug will be transported out of the cell through exocytosis. All these factors in the tumor microenvironment contribute to multidrug resistance (MDR) phenomena (Danhier et al., 2010).
POLYMERIC NANOPARTICLES
Over the last decade nanoparticles have become extremely attractive for application in biology and medicine (Mogoşanu et al., 2016). They have the potential to modulate biopharmaceutical features, pharmacokinetic properties, and the therapeutic efficacy of entrapped drugs (Dang and Guan, 2020). Technically, nanoparticles are defined as being less than 100 nm, but in practice structures up to 300 nm in size are included in this category (Guo et al., 2016), and they can fall into different classes as a function of their morphology, size, composition, and physicochemical properties (Khan et al., 2019).
Polymer-based nanoparticles are colloidal systems made up of natural or synthetic polymers. They furnish significant advantages over other nanocarriers such as liposomes, micelles and inorganic nanosystems, and include the feasibility of scale-up and the manufacturing process under Good Manufacturing Practices (GMP) (van Vlerken et al., 2007). Other peculiar characteristics of polymeric nanoparticles are the significant stability of polymeric nanoparticles in biological fluids along with the wide availability of various polymers, the opportunity to functionalize their surfaces and to modulate polymer degradation and the leakge of the entrapped compound(s) as a function of specific stimuli (Venkatraman et al., 2010; Goodall et al., 2015; Sarcan et al., 2018).
Several chemotherapeutics have been encapsulated in polymeric delivery systems, with the aim of increasing antitumor efficacy, inhibiting metastases, and decreasing the effective dose and side effects. Polymers can encapsulate an active compound within their structure or adsorb it onto their surfaces (Masood, 2016). Langer and Folkman were the first to demonstrate the controlled release of macromolecules using polymers, which allowed the development of antiangiogenic drug delivery systems for cancer therapy (Langer and Folkman, 1976).
Ideally, the polymers selected for parenteral administration must be biocompatible, biodegradable, and possess specific mechanical and physicochemical properties (Vilar et al., 2012). The first polymers used to develop polymeric nanoparticles (PNs) were non-biodegradable polymers, such as poly(methyl methacrylate) (PMMA), polyacrylamide, polystyrene, and polyacrylates. The nanosystems made up of these materials exhibited a rapid and efficient clearance, but chronic toxicity and inflammatory reactions were observed.
Usually, non-degradable polymers require degradation times longer than their effective duration of application (Anju et al., 2020), whereas the degradation rate of biodegradable polymeric nanoparticles can be influenced by several parameters, including their physico-chemical properties (size, structure, molecular weight) and external factors, such as pH and temperature (Su and Kang, 2020). Although pioneering studies on polymeric nanoparticles have focused on non-degradable materials, the use of biodegradable polymers had a great impact as a consequence of their notable biocompatibility and biosafety (Kamaly et al., 2016).
Biodegradable polymers include synthetic polymers such as poly(D,l-lactide) (PLA), poly(D,L-glycolide) (PLG), co-polymer poly(lactide-co-glycolide) (PLGA), polyalkylcyanoacrylates, poly-Ɛ-caprolactone. They are considered safe and a few biodegradable polymer products have been approved by the US Food and Drug Administration (FDA) as well as by the European Medicines Agency (EMA) for pharmaceutical application (Palma et al., 2018). In general, biodegradable polymeric particles show reduced systemic toxicity, are more biocompatible, and favor modulation of drug-release kinetics. They are typically degraded into oligomers and monomers, which are further metabolized and eliminated from the body via normal pathways (Ravivarapu et al., 2006; Vilar et al., 2012). Non-synthetic biodegradable polymers, which include natural polymers such as chitosan, alginate, gelatin, zein, and albumin, have also been used to prepare polymeric nanoparticles (Gagliardi et al., 2018). We will discuss commonly-used polymers for the preparation of drug-loaded PNs for anticancer therapy later.
Biopolymers for Cancer Nanomedicine
Biopolymers are one of the most important classes of biomaterials (Anju et al., 2020) and are widely used in biomedical applications because of their biocompatibility and biodegradability (Jaimes-Aguirre et al., 2016). They are macromolecules made up of repeating monomeric subunits linked by covalent bonds (Wen et al., 2018). Based on their origin, biopolymers are divided into natural and synthetic classes (Taghipour-Sabzevar et al., 2019). The advantages and disadvantages of these biopolymers are taken into consideration during selection for the development of a drug delivery system.
Synthetic Biopolymers
Synthetic biopolymers can be derived from natural polymers or chemically synthesized. They have attracted much attention because of their stability, flexibility, low immunogenicity, and biodegradability. Since they resist hydrolysis and can tolerate high temperatures, they can be heat-sterilized without degradation (Rahman and Hasan, 2019). Poly (α-hydroxy acids), polyhydroxyalkanoates (PHAs), poly (lactones), and poly(alkyl cyanoacrylates) (PACA) are the common synthetic biopolymers, among which poly (α-hydroxy acids) are the most employed class of biopolymers for production of PNs. Poly (α-hydroxy acids) are degraded by non-enzymatic hydrolysis of the ester linkage into non-toxic monomers (lactic acid and glycolic acid). Their degradation rate depends on intrinsic properties such as molecular weight, chemical structure and hydrophobicity (Doppalapudi et al., 2016).
Nanoparticles made up of these polymers have been developed for the delivery of various hydrophilic and hydrophobic anti-cancer agents such as doxorubicin, 5-fluorouracil, cisplatin, paclitaxel, and docetaxel (Rafiei and Haddadi, 2017; Ashour et al., 2019; Domínguez-Ríos et al., 2019; Maksimenko et al., 2019; Mittal et al., 2019).
PLG was the first polymer of this class investigated for biomedical application (Doppalapudi et al., 2016). It is synthesized through the polycondensation of glycolic acid or ring opening of glycolide, but it is not a good choice for the formulation of nanocarriers for cancer therapeutics because of its rigidity and rapid degradation (Shukla et al., 2019). PLA, another widely-investigated polymer, can be obtained from the polycondensation of lactic acid (LA) or by the ring opening polymerization of lactide; it exists in two isomeric forms, poly(l-lactic acid) and poly(d-lactic acid) (Fonseca et al., 2015). PLA naturally degrades in situ through the hydrolysis of the ester linkage, rendering LA and its short oligomers as the degradation products. Since the products of PLA biodegradation are cleared easily from the body, its use does not induce severe immune responses (Lee et al., 2016; Casalini et al., 2019).
Among polyesters, PLGA is the most widely-used co-polymer for the development of targeted drug delivery systems, and is made up of glycolic acid and lactic acid monomers (Mir et al., 2017; Maity and Chakraborti, 2020). PLGA polymers undergo complete biodegradation in aqueous media and their characteristics can be altered by varying the chemical composition (lactide/glycolide ratio) and the chain length. For example, the degradation rate and the drug-release rate accelerate when the molecular weight of the copolymer is decreased (Molavi et al., 2020). PLGA can be prepared at different lactide/glycolide molar ratios such as 50/50, 65/35, 75/25, and 85/15. Lactide is more hydrophobic than glycolide, so a decrease in the proportion of lactide increases the rate of hydrolytic degradation of the copolymer, with consequent rapid release of the encapsulated drug (Gentile et al., 2014). It has been suggested that the degradation times of 50/50, 75/25 and 85/15 PLGA is 1–2, 4–5, and 5–6 months, respectively (Middleton and Tipton, 1998; Anju et al., 2020).
Biopolymers produced by microorganisms have shown promise as a substitute for the synthetic polymers currently being used in the industry. For instance, PHAs are naturally produced and accumulated as energy/carbon storage material by many bacteria. PHAs have recently gained great attention because of their biocompatibility, biodegradability, thermoplasticity, low toxicity, and availability (Korde and Kandasubramanian, 2020). They are polyesters of various hydroxyalkanoate monomers that can be produced either through the natural bioconversion process or by chemical synthesis via the ring-opening polymerization of β-lactones (Li and Loh, 2017). Poly(hydroxybutyrate) (PHB) is a PHA derivative used in targeted drug delivery due to its prolonged degradation time in vivo and its lesser effect on the pH of tissues as compared to the polylactides (Korde and Kandasubramanian, 2020). According to ISO 10993, PHB nanoparticles have been shown to be safe when used on animals (Masood, 2016).
Among polylactone-based polymers, poly(Ɛ-caprolactone) (PCL) is the most studied polymer for anticancer drug development. It is a semicrystalline compound obtained by the ring-opening polymerization of ε-caprolactone (Witt et al., 2019). PCL exhibits slower ester bond hydrolysis at physiological pH and has a less acidic character than poly-hydroxy acids; in addition, the slower degradation rate of PCL prolongs the release of encapsulated drugs (Doppalapudi et al., 2016).
Poly(alkyl cyanoacrylates) (PACA) are another biodegradable polymer class useful for developing nanocarriers. These polymers are mainly degraded through the hydrolysis of the ester bonds of their alkyl chain. The rate of degradation depends on the alkyl chain length: the longer the alkyl chain, the slower the rate. The two resulting products, namely alkyl alcohol and poly (cyano acrylic acid), are both soluble in water (Nicolas and Couvreur, 2009; Doppalapudi et al., 2016). PACAs can retain substantial amounts of drug (Sulheim et al., 2017). Poly(isohexylcyanoacrylate) nanoparticles containing doxorubicin (Livatag®—see section “Livatag®”.) have been proposed as an innovative formulation for human primary liver cancer and have reached phase III of clinical trials (Merle et al., 2017).
Natural Biopolymers
Natural biopolymers include animal- or plant-derived proteins and polysaccharides as well as polymers obtained from microbial sources. These are widely used in drug delivery research due to their unique properties such as abundance in nature, biodegradability, biocompatibility, and low toxicity (Eroglu et al., 2017; Gálisová et al., 2020). However, they can be immunogenic and often require chemical modification before being used for the development of nanoparticles (Karlsson et al., 2018).
Animal-Based Biopolymers
Natural biopolymers of animal origin used for the development of pharmaceutical formulations include albumin, gelatin, hyaluronic acid, and chitosan (Ventura et al., 2011; An and Zhang, 2017; Iannone et al., 2017; Yasmin et al., 2017).
Albumin (MW ∼65–70 kDa) is an endogenous blood protein. Both human serum albumin and bovine serum albumin are used to produce nanosystems for anticancer therapy. They have similar physicochemical properties and produce nanoparticles having similar characteristics (An and Zhang, 2017). Albumin has been used as a nanocarrier for antitumor compounds because of its long biological half-life, which improves the pharmacokinetic properties of the encapsulated drugs and allows the EPR effect to be taken advantage of for increased accumulation in tumor tissues (Karimi et al., 2016; Hoogenboezem and Duvall, 2018). One of the most important formulations of intravenous paclitaxel used in clinical practice is made up of albumin nanoparticles (Abraxane®—see section “Abraxane or Nab-Paclitaxel”).
Gelatin is a heterogeneous mixture of polypeptides derived from the partial hydrolysis of animal collagen (Karlsson et al., 2018). From this process, two types (A or B) of gelatin are obtained. Type B gelatin has been shown to produce nanoparticles with better properties than type A (Yasmin et al., 2017). Gelatin is enzymatically degraded into its aminoacids as a function of several parameters such as pH, temperature or concentration (Sahoo et al., 2015). In general, gelatin is cheap and readily available and could be easily modified to carry targeting moieties; at the same time, gelatin cross-linking can be controlled to alter the drug-relase properties of resultant nanoparticles (Elzoghby et al., 2017). Gelatin nanoparticles have also been investigated for delivery of genetic material (Coester et al., 2000; Magadala and Amiji, 2008). Although gelatin nanoparticles exhibit low toxicity and efficient cellular uptake in cancer cells, the use of gelatins of animal origin carries the risk of contamination with transmissible infection. This drawback could be overcome with the use of recombinant human gelatin, but its widespread use is limited because of the expensive production processes.
Hyaluronic acid (HA) and its derivatives have been employed for biomedical and pharmaceutical applications, in particular for target-specific and long-acting delivery of anticancer agents. HA is a mucopolysaccharide consisting of d-glucuronic acid and N-acetylglucosamine linked together through alternating β-1,4 and β-1,3 glycosidic bonds. It is present in the extracellular matrix and intracellular domain of all living organisms (Tripodo et al., 2015). HA undergoes degradation in the biological environment through hyaluronidases that hydrolyze the β-1,4-glycosidic bonds. The resulting oligosaccharides are degraded by β-d-glucuronidase and β-M-acetyl-hexosaminidase enzymes (Chen et al., 2019a). HA is rapidly cleared from the body, but the linkage of aminoacids to the carboxyl or hydroxyl groups of its chain enhances its blood circulation time (Taghipour-Sabzevar et al., 2019). A close association was found between HA receptor expression and malignant tumor progression. HA receptors (especially CD44, hyaluronan-mediated motility receptor RHAMM, lymphatic vessel endothelial hyaluronic acid receptor 1 LYVE1) are activated in cancer cells to promote cell infiltration and tumor malignancy (Lokeshwar et al., 2014; Lee et al., 2020). HA promotes the uptake of nanoparticles by binding to these receptors (Chiesa et al., 2018; Rho et al., 2018). Another strategy to improve drug delivery and enhance the circulation time of nanoparticles is to covalently conjugate HA onto the surfaces of the nanoparticles (Edelman et al., 2017; Cosco et al., 2019).
Plant-Based Biopolymers
Plant-derived polymers occur abundantly in nature and generally exhibit less immunogenicity than polymers of animal origin. Although cellulose, starch, soy protein, and zein, are the most widely used plant-derived polymers, numerous other plant-based polymers have been studied and have shown excellent results in drug delivery research (George and Suchithra, 2019; Iravani and Varma, 2019; Gagliardi et al., 2020a, 2020b).
Cellulose, the most abundant biopolymer in the world, is a linear homopolymer of 1,4-β glycoside-linked d-glucopyranose (Fattahi Meyabadi et al., 2014; Halib et al., 2017). It is suitable for the development of nanoparticles because it causes no immune-response and its highly hydrophilic structure suppresses opsonization, which is an important phase of phagocytic clearance of nanoparticles. Thus, it prolongs the residence time of hydrophobic drugs in the blood stream and enables accumulation in the target tissue (Varan et al., 2019).
Starch is also a highly available plant-based polysaccharide. All plants synthesize starch as an energy reserve, although this is more common in tuberous plants (potatoes) and cereals (corn, beans, wheat, rice, etc.) (Alcázar-Alay and Meireles, 2015). It is metabolized by amylases and glucosidases into glucose units (Elvira et al., 2002). The advantages of this edible polysaccharide in a controlled release field are the improvement of drug solubility and stability, the reduction of toxicity and side effects, and an excellent biocompatibility and storage capacity (George et al., 2019).
Soy protein nanoparticles have also been investigated for the development of nanoparticles. Like cellulose and starch, it is also a highly-abundant and low-cost material. The amino acid composition of soy proteins (polar, non-polar, and charged amino acids, such as glutamate, aspartate and leucine) promotes the substantial entrapment efficiency of hydrophobic drugs; its solubility characteristics in aqueous environments can be exploited for different administration routes (DeFrates et al., 2018; Voci et al., 2020).
Zein is a low molecular weight protein (∼20 kDa) derived from the cytoplasm of corn cell endosperm (DeFrates et al., 2018; Gagliardi et al., 2019; Gagliardi et al., 2021). It is considered to be a promising biomaterial to obtain nanocarriers containing hydrophobic compounds because it is insoluble in water, except in the presence of alcohol, urea, alkali, and anionic detergents (Elzoghby et al., 2017; Tran et al., 2019).
Microbial Biopolymers
In the previous section, PHAs obtained from microbes was discussed, but they are not the only polymers derived from the microbial world. Many exopolysaccharides originating from microorganisms have also been explored as nanocarriers.
Sulfated polysaccharides are amply exploited in nanotechnology because of their unique physicochemical properties such as noteworthy stability, biodegradability, biocompatibility, and fluid dynamics (Raveendran et al., 2013). Halomonas maura is a bacterium that produces a highly sulfated exopolysaccharide called mauran. Mauran is made up of repetitive units of mannose, galactose, glucose and glucuronic acid and has a high content of sulfate and uronic acid which confer immunomodulatory and antiproliferative effects on human cancer cells (Arias et al., 2003). This high molecular weight polymer has exceptional rheological properties, and exhibits thixotropic behavior. It is also highly resistant to extreme temperatures, freeze-thaw cycles, pHs, and salt-concentrations (Llamas et al., 2006). Raveendran, et al. produced 120 nm nanofibers of mauran and poly(vinyl alcohol) and found them to be an excellent biomaterial for the migration, proliferation and differentiation of mammalian cells (Raveendran et al., 2013). The same group also reported composite nanoparticles of mauran and chitosan for delivery of 5-fluorouracil to glioma and breast adenocarcinoma cancer cells (Raveendran et al., 2015).
Biolpolymers From Marine Organisms
Marine organisms are another rich source of polymers for medical applications. Marine biopolymers such as fucoidan, alginate, carrageenan, and chitosan are renewable, stable, nontoxic polymers that can be potentially harvested at low costs (Manivasagan et al., 2017). Fucoidan, alginate, and carrageenan are obtained from seaweed, whereas microbial chitosan can be isolated from marine crustaceans.
Chitosan is the most widely used cationic polysaccharide approved by the FDA for drug delivery purposes due to its low toxicity, non-immunogenic behavior, and significant compatibility with tissues and cells (George et al., 2019). In addition, it is the only natural positive polysaccharide and can form stable complexes with negative compounds, making it a good candidate for drug encapsulation and controlled release (Yang et al., 2014). Chitosan is a polymer made up of glucosamine and N-acetyl-glucosamine and is mainly obtained from the hard outer skeleton of shellfish, including crab, lobster, and shrimp. It can self-assemble into nanostructures that can penetrate the tight junctions between endothelial cells because of its bio-adhesive properties (Safdar et al., 2019). Chitosan-based nanoparticles are degraded by different enzymes, such as lysozymes, chitosanase, cellulases, lipases and pectinases (Taghipour-Sabzevar et al., 2019). Interestingly, chitosan can also be obtained from microbial sources (Kaur et al., 2012; Amer and Ibrahim, 2019), but this development is still in its infancy.
Fucoidan, which has been recently studied in anticancer nanomedicine, is a sulfated polysaccharide extracted from brown seaweed, principally made up of l-fucopyranose units and sulfated ester groups (Wu et al., 2016). Many studies have reported that fucoidan carries on antitumor activity against a wide variety of human tumors as a consequence of its interaction with P-selectin, a molecule expressed on cancer cells that promotes metastatsis (Shamay et al., 2016; Lu et al., 2017).
Alginate is an anionic linear polymer derived from marine brown algae. It consists of β-d-mannuronic acid and α-l guluronic acid residues linked by 1,4-glycosidic bonds (Venkatesan et al., 2016; Karlsson et al., 2018). These linkages are sensitive to both acid hydrolysis and alkaline β-elimination. In humans the polymer dissolves in surrounding physiological media because of the absence of specific digestive enzymes (Rottensteiner et al., 2014). Its low cost and capacity to interact with various bioactives led to its use in the development of various nanosystems (Joye and McClements, 2014).
Carrageenan is another sulphated polysaccharide, which carries a high negative charge. It can be extracted from different species of seaweed and it is characterized by alternate units of d-galactose and 3,6-anhydrogalactose linked by α-1,3 and β-1,4 glycosidic linkages (Manivasagan et al., 2017). Despite its potential, very few authentic studies exist on the use of carrageenan to produce nanoparticles for anticancer drugs. However, carrageenan has been reported for prolonged drug release in mucosal/epithelial tissues (Kianfar et al., 2013; George et al., 2019).
METHODS OF PREPARATION FOR POLYMERIC NANOPARTICLES AND THE ROLE OF SURFACTANTS
PNs have been developed with the aim of encapsulating hydrophilic and hydrophobic molecules, such as salts, proteins, and high-molecular-weight DNA or antisense nucleic acids (Cosco et al., 2014; Cosco et al., 2015; Lombardo et al., 2018). A variety of drug classes can be delivered by nanoparticles such as anticancer (Cosco et al., 2011), antifungal (Carraro et al., 2016), anti-inflammatory (Gadde et al., 2014), and anti-leishmanial drugs (Palma et al., 2018). In general, encapsulation favors prolonged and/or controlled release of a drug (Pagels and Prud’homme, 2015), and there is growing interest in nanoparticles for the targeted delivery of entrapped compounds to specific organs or cells (Danhier et al., 2012). The drugs encapsulated in PNs are released by means of diffusion through the polymeric network, erosion of the matrix material, hydrostatic swelling, or by a combination of these mechanisms. A variety of methods has been used to efficiently encapsulate drugs in PNs. The technical choice is dependent on the nature of the polymer selected, desired physicochemical features of the final formulation, and ease and expense associated with the method (Crucho and Barros, 2017).
The most important preparation approaches for PNs are emulsification and solvent evaporation (Yoneki et al., 2015), nanoprecipitation (Rivas et al., 2017; Maggisano et al., 2020), the supercritical anti-solvent method (Kalani and Yunus, 2012), and salting-out (Mendoza-Muñoz et al., 2012). The emulsification and solvent evaporation/extraction technique is the most used method for small and moderate-scale manufacturing of PNs. It is based on the dissolution of polymer in an organic solvent, adding the organic-phase to the water-phase containing stabilizers and surfactants, then emulsification followed by the evaporation of a slowly-boiling organic solvent. Chloroform, dichloromethane, and ethyl acetate are commonly used as organic solvents. Both single oil-in-water (o/w) emuslification (Guo et al., 2015) and double water-in-oil/in-water (w/o/w) emulsification (Cosco et al., 2015) methods are used to obtain an emulsion via high-speed homogenization or ultrasonication. The evaporation of an organic solvent is accomplished by applying heat and vacuum. Spray-drying is the method of choice for getting rid of organic solvents during large-scale production of heat-sensitive PNs (Ozeki and Tagami, 2014).
In the nanoprecipitation method, a water-miscible organic phase is added drop-by-drop into an aqueous phase with or without a stabilizer/surfactant (Rivas et al., 2017). The polymer is deposited at the interface following the displacement of a nonaqueous solvent (for example, acetone) from the solution (Fessi et al., 1989). Traditionally, this easily reproducible technique has been mostly employed for the encapsulation of hydrophobic drug molecules. The nanoprecipitation technique was found to be more efficient than the emulsification method for encapsulating cucurbitacin in PNs consisting of PLGA (Alshamsan, 2014), possibly by preventing the loss of drugs during the emulsification process and increasing entrapment in the polymer matrix. Recently, Salatin, et al. reported the development of rivastigmine-Eudragit RL nanoparticles using the nanoprecipitation method; the entrapment efficiency reached 38% and sustained drug release was observed (Salatin et al., 2017).
The supercritical anti-solvent method is another way to prepare PNs under mild operating conditions. In particular, a polymeric solution is sprayed as tiny droplets into a high-pressure vessel containing an anti-solvent liquid such as CO2. The rapid diffusion of CO2 into solute favors the formation of nanoparticles. The salting-out method, on the other hand, is based on the addition of a high concentrations of salts (electrolytes such as magnesium chloride, calcium chloride and magnesium acetate) or saccharides (non-electrolyte) to a polymeric solution that induces the appearance of a coacervate; they can be also obtained by the modulation of temperature and pH (Masood, 2016).
Various parameters, such as the molecular weight of the polymers, the presence of cryoprotectants and stabilizing agents, etc. play an important role in the development of PNs (George et al., 2019). The modulation of the polymer length, which is obtained during the synthesis of the polymer, allows one to predict or obtain the desired physico-chemical properties of the system (Wen et al., 2018). For example, the degradation rate of polymers is related to their molecular weight: polymers with low molecular weight degrade faster than polymers with high molecular weight (Kamaly et al., 2016). The rate of polymer degradation also influences the release rate of the encapsulated drugs from the polymer matrix (Crucho and Barros, 2017).
In general, nanoparticles are thermodynamically unstable and attract each other through van der Waals forces in order to decrease their considerable surface energy (Madkour et al., 2019). Therefore, resistance against aggregation is desirable in order to obtain a long shelf life for polymeric nanoparticles. Electrostatic and steric stabilization are the two mechanisms through which nanoparticles are stabilized (Morozova et al., 2019). The former is based on the mutual repulsion of similar electrical charges and depends on the balance of forces between charged surfaces and various interfaces, namely, the attracting van der Waals forces (resulting from dipole-dipole interactions) and the repulsive electrostatic forces of the electrical double layers surrounding the particles in the medium (Morozova et al., 2019). Steric stabilization, on the other hand, is a protective barrier provided by the adsorption or conjugation of polymers or surfactants onto the surfaces of the nanoparticles (Mo et al., 2016).
The use of surfactants is a well-known and widely-employed approach to stabilize polymeric nanoparticles (Heinz et al., 2017). Surfactants stabilize nanaoparticles by reducing the interfacial tension between the solid-liquid phase, which favors interaction between the polymeric system and the suspension medium. Surfactants are classified based on their charge which include the following: (i) anionic (negative charge); (ii) cationic (positive charge); (iii) zwitterionic or amphoteric (charge depends on the pH of the medium), and; (iv) non-ionic (no charge). Generally, non-ionic surfactants are less toxic to the biological membranes than ionic ones and several derivatives have been shown to inhibit the efflux pumps and/or multi-drug-resistance-associated proteins (Rege et al., 2002; Gagliardi et al., 2020c). Examples of common non-ionic surfactants include tweens®, spans®, pluronics®, vitamin E d-α-tocopheryl polyethylene glycol 1000 succinate (vitamin E TPGS), and poly(vinyl alcohol). These surfactants can modulate the size, shape, and surface architecture of polymeric nanoparticles, influencing their therapeutic potential (see Physico-Chemical Properties of Polymeric Nanoparticles) (Heinz et al., 2017).
Pluronics® are water-soluble triblock copolymers made up of a hydrophobic core of polyoxypropylene (POP) between two hydrophilic units of polyoxyethylene (POE) (Giuliano et al., 2020). As GRAS (generally recognized as safe) excipients, they have been widely used in the development of many pharmaceutical formulations (Akash and Rehman, 2015; Bodratti and Alexandridis, 2018; Giuliano et al., 2019). Pluronics® are also referred as “functional excipients” as they carry on important and very useful biological activities (Kabanov et al., 2003; Batrakova and Kabanov, 2008; Giuliano et al., 2018). For instance, pluronics® are known for their attractive ability to sensitize MDR tumor cells toward chemotherapy and reduce cancer stem cell population by depleting intracellular ATP, inactivating permeability-glycoprotein (Pgp)-mediated drug efflux, and rendering cells pro-apoptotic (Waghray and Zhang, 2018; Khaliq et al., 2019). Moreover, pluronics can stimulate the release of cytochrome C and increase the levels of cytosolic reactive oxygen species (Minko et al., 2005).
However, pluronics are not the only surfactants to exhibit anti-MDR effects (Livney and Assaraf, 2013). Tween® 20, Tween® 80, Myrj® 52, and Brij® 30 inhibit protein kinase C (PKC) activity, modulate Pgp-mediated drug efflux, and decrease the apical efflux of the anthracycline epirubicin across human intestinal epithelial (Caco-2) cells (Komarov et al., 1996; Lo, 2003; Tagami et al., 2011; Veeravalli et al., 2020). Tween 80 has been employed as a surfactant in brain tumor targeting (Wen et al., 2018). It enhances the delivery of the active compounds across the blood-brain barrier (BBB) by promoting the adsorption of apolipoprotein E (ApoE) onto the particle surfaces. This enables transcytosis across the BBB through interaction with the low-density lipoprotein receptor-related protein (LRP) expressed on the brain capillary endothelium (Kreuter, 2014; Li et al., 2018; Tosi et al., 2020).
Vitamin E TPGS also inhibits Pgp and enhances drug encapsulation, cellular uptake, therapeutic efficacy, and oral bioavailability of nanocarriers (Guo et al., 2013; Sun et al., 2014; Dong et al., 2016; Choudhury et al., 2017; Peng et al., 2018).
Physico-chemical Properties of Polymeric Nanoparticles
Depending on the processes used for the preparation of polymeric nanoparicles, these can be either nanospheres or nanocapsules (Figure 3). Nanospheres are matrix systems in which the drug is dispersed throughout the structure or adsorbed onto the surface, whereas nanocapsules are systems in which the drug is contained within the core (aqueous or oily) surrounded by a polymeric shell (Paolino et al., 2013; Cosco et al., 2015).
[image: Figure 3]FIGURE 3 | Schematic representation of polymeric nanoparticles as a function of their morphology.
The lack of standardized protocols for the characterization of nanosystems has resulted in translational failure of several formulations that were promising for clinical use (D'Mello et al., 2017; Gioria et al., 2018). The physico-chemical properties of nanoparticles, such as size, shape, stability, drug-release profiles and surface characteristics, can all affect their behavior in complex biological environments. At the same time pH and ionic strength of the dispersion medium can influence biodistribution, pharmacological efficacy, and safety of the entrapped drug(s) (Figure 4) (Islam et al., 2017). Indeed, these parameters can significantly change in the biological milieu, due to the adsorption of proteins onto the nanoparticle surface. Recognizing the importance of these physicochemical formulation factors, the European Medical Agency (EMA) and the FDA (Caputo et al., 2019; https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UM588857.pdf) both signal the need for the pre-clinical characterization of nanoparticles. In particular, the European Nanomedicine Characterization Laboratory (EUNCL) and the US National Cancer Institute Nanotechnology Characterization Laboratory (NCI-NCL) have developed multiple standard operating procedures for nanomaterial assessment, establishing mean size and polydispersity index as the critical quality attributes of a nanoparticle formulation (Gioria et al., 2018).
[image: Figure 4]FIGURE 4 | Physico-chemical parameters of polymeric nanoparticles.
Particle Size
The size of nanoparticles used as drug delivery systems should be large enough (diameter of ∼100 nm) to prevent their rapid escape from blood capillaries and renal filtration, but small enough to avoid mononuclear phagocyte system (MPS) clearance (Yang et al., 2016). Several techniques are used to evaluate the mean diameter and size distribution of nanoparticles which include laser scattering (dynamic or static light scattering, laser diffraction), field flow fractionation (FFF), electron microscopy (EM), centrifugation (analytical ultracentrifugation and centrifugal particle sedimentation), tunable resistive pulse sensing (TRPS), and particle tracking analysis (PTA) (Caputo et al., 2019). While many of these are still being perfected (Halamoda-Kenzaoui et al., 2019), dynamic light scattering (DLS) is the most common sizing technique. Even though DLS is characterized by a relatively low resolution, it is highly suitable for the assessment of sample integrity and stability during the initial screening of nanoparticles. However, a combination of multiple high-resolution measurements is often required to demonstrate particle size and size distribution in complex biological media.
Interaction with a biomaterial could favor the formation of aggregates/particles of different mean sizes, leading to significant differences in cell uptake and distribution, toxic effects, and fate within the cell. Any change in size will also impact the pharmacokinetic profile of nanoparticles, alter localization in tissue compartments, and result in unintended interaction with other biological substrates and receptors. For instance, it has been demonstrated that renal filtration and nonspecific uptake by the MPS are dependent on the particle size (Scheinberg et al., 2010). The size and the surface chemistry of NPs affect the opsonization as a consequence of the curvature of systems (Hu et al., 2018). The diameter of particles influences their distribution and adhesion in blood vessels, lungs, and the gastro-intestinal tract. Nanoparticles smaller than 100 nm leave the blood vessels through endothelial fenestrations, whereas microparticles are uptaken by Kupffer cells in the liver or physically entrapped in the capillary beds. Moreover, nanoparticles below 200 nm can be internalized through the clathrin-mediated pathway, while nanoparticles of over 500 nm can be taken up through he caveolae-mediated pathway (Di Marzio et al., 2016).
Particle Shape
In addition to particle size, the shape of nanoparticles is also an important parameter because it affects their pharmacology and functions (Truong et al., 2015). Whereas spherical nanoparticles are the most desired and versatile types with high surface-to-volume ratio and peculiar optical properties, asymmetrical and non-spherical polymeric nanosystems have also been of interest in tissue engineering, immune-engineering, and for theranostic applications (Banik et al., 2016). Because of isometry, spherical particles have better cellular uptake independently of the way they are presented on the cell surface, but in the case of rod-like systems, the uptake is best when they perpendicularly interact with biological surfaces (Stylianopoulos and Jain, 2015).
Particle Surface
Surface characteristics contribute to the solubility of particles, aggregation features, ability to bypass biological barriers, biocompatibility, and targeting properties. The majority of nanoparticles used as drug delivery systems have a hydrophilic surface which is able to favorably interact with the aqueous environment of biological systems. Indeed, a common strategy for avoiding the MPS uptake of nanomaterials is to introduce neutral hydrophilic polymers in order to decrease the opsonization and hence macrophageal phagocytosis. The use of polyethylene glycol (PEG) or poly(ethylene oxide) (PEO) to coat nanoparticles is a prime example of this strategy (Hu et al., 2018). The hydration layer formed by PEG chains around the nanoparticles sterically precludes their interaction with other nanoparticles as well as blood components (Yang and Lai, 2015). In addition, the significant conformational freedom provided by the flexibility of PEG makes the interpenetration of many compounds into the PEG corona thermodynamically unfavorable (Suk et al., 2016). Gref and coworkers developed PEGylated PLGA nanoparticles which had a prolonged plasmatic half-life and reduced liver uptake, compared to the non-PEGylated formulation (Gref et al., 1994). This approach has been used to modulate the pharmacokinetic profiles of many active preparations such as liposomal doxorubicin (Doxil) and micellar-paclitaxel (Genexol) (Barenholz, 2012; Stirland et al., 2013).
The biologic behavior of polymeric nanoparticles is also affected by the surface charge or zeta potential (the electrical potential at the hydrodynamic slipping plane of a particle) (Shao et al., 2015). Cationic or anionic particles are more stable and able to avoid non-specific cellular uptake by phagocytes as compared to neutral ones of a similar size (Wang et al., 2010). Cationic nanoparticles are of immense potential as drug delivery systems because of their strong interaction with negatively-charged genetic material and their ability to bind to cell surfaces. They allow loading of genetic materials which cannot cross cell membranes and ensure effective cell uptake through endocytosis (Farshbaf et al., 2018). Thus, polymeric nanoparticles can be non-viral vectors for gene delivery with high transfection efficiency (Cosco et al., 2014, 2015; Wen et al., 2018). Several remarkable review papers focusing on the application of polymeric nanoparticles for gene delivery are available in literature (Kafshdooz et al., 2016; Suk et al., 2016; Young et al., 2016; Huh et al., 2017; Zhou et al., 2017; Lai and Wong, 2018; Shen et al., 2019; Roma-Rodrigues et al., 2020).
The surface of a nanoparticle is also the place for the conjugation of ligands, with the aim of targeting specific receptors of tissues and organs. As will be discussed below, the patterning of surface groups, also defined by geometric arrangement, influences the geometry of ligands in targeting approaches and also the binding of nanoparticles to the receptors expressed on cancer cells (Banerjee et al., 2016). For this reason it is extremely difficult to develop “smart” nanomedicines able to selectively interact with cancer cells.
DRUG TARGETING
An important goal in nanomedicine is to combine the unique properties of nanosystems in order to enhance the characteristics of an entrapped drug. As previously discussed, drug delivery within nanoparticles can increase therapeutic efficacy by modulation of the pharmacokinetic and pharmacodynamic profiles exerted by the nanocarrier. These enhancements are partly due to the passive targeting of nanoparticles, which is based on physical interaction between the nanosystems and the tissue microenvironment (blood flow, lymphatic drainage, etc.). Alternatively, nanoparticles can be actively targeted by conjugating tissue-specific ligands (antibodies, peptides, macromolecules, etc.) on the particle surface; specific ligand-receptor interactions increase spatial accumulation of nanoparticles in tissues of interest (Scheinberg et al., 2010) (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic representation of various drug targeting approaches (1–3). (1) Passive targeting of nanocarriers through fenestrated vasculature of tumor tissue by extravasation. Active targeting of cancer cells (2a) and (2b) tumor endothelium using ligand-modified nanocarriers. (3) Stimuli-responsive nanomedicines able to release the anticancer agent by internal or external triggers. Figure generated from Servier Medical Art.
Passive Targeting and Solid Tumors
Passive targeting (Figure 5) exploits the peculiar anatomical and pathological abnormalities of the tumor vasculature which promote the accumulation of polymeric nanoparticles in the perivascular tumor region by convection or passive diffusion (Bazak et al., 2014). Convection refers to the movement of large molecules across large pores. Contrarily, diffusion is defined as a process of molecular transport across the cell membrane along the concentration gradient without consumption of cellular energy and applies mostly to compounds with a low molecular weight. However, diffusion is a more important mechanism of drug accumulation in a tumor mass because convection through the interstitium is poor; the high interstitial pressure of a tumor microenvironment does not allow the convection of drugs. The excessive leakiness of tumor vasculature, characterized by large fenestrations with a mean diameter of 100–800 nm, promotes the localization of nanoparticles into the interstitial space as a consequence of the “enhanced permeability” effect. At the same time, inefficient drainage of the tumor tissue due to the absence or ineffectiveness of lymphatic vessels results in “enhanced retention” of nanoparticles. Together, these two phenomena are known as the “Enhanced Permeability and Retention” (EPR) effect. The EPR effect is the cornerstone in nanoparticle-mediated drug delivery in cancers, especially in solid tumors which are characterized by rapid growth, with the exception of hypovascular tumors such as prostate or pancreatic cancer (Danhier et al., 2012). The size of a nanoparticle impacts the overall manifestation of the EPR effect on nanoparticle accumulation in tumor tissue. Polymeric nanoparticles, micelles, liposomes, and dendrimers of 80–150 nm are retained in the solid tumor tissue, but smaller particles (<20–30 nm) can easily diffuse into other compartments. Therefore, small nanoparticles exhibit poor retention even when they have good permeability (Wang et al., 2010).
The anti-tumor efficacy of many clinically available nanoformulations (Doxil, Caelyx, and Abraxane) can be partially explained on the basis of the passive targeting of the EPR effect. However, recent research has questioned this simplistic model (Mao, 2020). Recently the extravasation of gold nanoparticles of different sizes across various tumor models was investigated by a combination of different imaging techniques and mathematical models. It was observed that most tumor vasculature is continuous and endothelial gaps are much less abundant than previously believed. Accordingly, nanosystems do not extravasate passively via endothelial gaps, but mainly through an active vesicle-mediated transport process called the transcytosis (Sindhwani et al., 2020). Whether this intriguing observation can also be applied to nanoparticles other than gold nanoparticles and whether this phenomenon is universally applicable to all solid tumors remains unclear. As previously described, the composition and the physico-chemical properties (i.e. surface chemistry, shape, charge, etc.) can dramatically affect the in vivo fate of nanoparticles. In addition, other parameters such as the tumor type, animal species and the pathological state of patients cannot be excluded from this consideration.
Regardless of the mechanistic bases of passive targeting, the fact remains that a relatively small amount of administered nanoparticles accumulate in tumor tissue. Wihelm and coworkers evaluated the literature of the preceding 10 years and reported that on the average only 0.7% of the administered dose of nanoparticles reaches solid tumors (Wilhelm et al., 2016), so a new generation of nanomedicines with advanced functionalities for the active targeting of tumors is being developed. Nanoparticle systems with stimuli-responsive drug release capabilities are also under development.
Influence of Protein Corona on Polymeric Nanoparticles
The most important difficulty in obtaining a successful translation of innovative formulations in clinical practice is the lack of knowledge of their in vivo performance at systemic, tissue, and cellular levels (Tang et al., 2017). This large gap between the design of nanosystems and their effective clinical application is primarily due to the partial understanding of the in vivo fate of nanomaterials. Once systemically administered, nanoparticles are characterized by a significant modulation of their physico-chemical characteristics. For this reason, a full characterization of nanosystems is a mandatory step in the preformulation phases of novel nanomaterials in order to improve the outcomes in the development of nanomedicines (Corbo et al., 2016). Upon exposure to biological fluids N of nanoparticles dynamically and often immediately (<0.5 min) interact with biomolecules such as proteins and lipids through a process defined as opsonization when injected into the blood stream, promoting the formation of the so-called “biocorona” on their surfaces (Cai and Chen, 2019; Lima et al., 2020). The adsorption of opsonins causes their recognition as non-self compounds, promoting their metabolism and elimination by the MPS, leading to a rapid clearance, low efficiency, and high liver accumulation. Notably, opsonins rapidly identify the positively-charged particles with respect to anionic systems (Neagu et al., 2017).
Several types of serum proteins, such as serum albumin, immunoglobulin G, fibrinogen, clustering and apolipoproteins generally present in the biological milieu, can all interact with circulating nanosystems (Lee et al., 2015). It has been reported by several studies that the formation of a protein corona is a dynamic process, induced by the competition of various proteins adsorbed onto the surfaces of nanoparticles and it can be classified as either “soft” or “hard” as a function of the nature of the compounds and interactions involved. Namely, the hard corona presents the first tightly bound layer of proteins over an extended period (many hours), while the soft corona represents a second layer of protein (not directly bound to the nanosystems) facing rapid exchanges for shorter periods (i.e. seconds to minutes) (Lee et al., 2015). A continuous flux of desorption/adsorption of the proteins onto the nanomaterial is controlled by a phenomenon known as the “Vroman effect”, in which precedently adsorbed proteins can be replaced by other proteins with stronger binding affinities until an equilibrium is reached (Vroman, 1962; Frost et al., 2017). This event significantly alters the composition of the protein corona, while keeping the amount of adsorbed proteins relatively constant. In detail, proteins that are present in larger amounts in the biological fluids are the first to be adsorbed onto the nanoparticles during the initial steps of the process (soft corona). These are later replaced by other proteins, less concentrated but having a higher affinity (i.e., slower kinetics), such as lipoproteins, particularly apolipoprotein A-I (hard corona) (Cedervall et al., 2007; Nel et al., 2009). The properties of the nanomaterial (size, shape, surface chemistry and surface charge) as well as the plasma protein characteristics (e.g., human or murine), incubation time, temperature, pH and the physiological state of the plasma (alterations due to disease/medical conditions) greatly affect the adsorption of plasmatic proteins onto the nanosystems (Tenzer et al., 2013). For instance, according to Cedervall et al., human serum albumin (HSA) and fibrinogen showed higher association/dissociation rates than apolipoprotein A-I and other plasma proteins (Cedervall et al., 2007). Moreover, the adsorption of HSA and fibrinogen was more noticeable on hydrophobic particles as compared to hydrophilic ones at the early stages of interaction (Cedervall et al., 2007). It was also reported that hydrophilic particles dramatically reduce the complement activation level (Shreffler et al., 2019), and that the protein corona affects the plasmatic half-time (Bertrand et al., 2017), cell uptake and biodistribution (Chinen et al., 2017), oxidative stress (Jayaram et al., 2017), toxicity (Corbo et al., 2016) and host immune response (Lee et al., 2015) of nanoparticles. This causes a consequent modulation of their in vivo behavior and pharmacological outcome.
In this context, Behzadi et al. investigated the potential effect of the biological environment on the release profile of drugs encapsulated in different types of polymeric nanoparticles, demonstrating that the leakage of the active compounds was decreased when the particle surface was decorated with the protein corona (Behzadi et al., 2014). These data demonstrate that the release profile of the entrapped compounds should be properly investigated following the formation of a protein coating in order to predict a real in vivo fate of the formulation. Another recent study performed by Alberg et al. evaluated the influence of the protein corona on the physico-chemical properties of three polymeric nanoparticles characterized by long-circulation properties as a consequence of the surface decoration with poly(N-2-hydroxypropylmethacrylamide) (PHPMA), polysarcosine (pSar), and PEG (Alberg et al., 2020). They showed that the mean sizes of the nanosystems was not increased after incubation with human plasma and only a negligible amount of proteins was adsorbed onto the polymeric nanocarriers. This suggests that an intensive corona formation is not a general property of nanoparticles. These results are in contrast with those reported in other investigations (Kokkinopoulou et al., 2017; Weber et al., 2018). However, these findings may explain the slight patient variability of PEGylated polymeric nanocarriers in clinical phase II (CPC634), and evidence the potential of PEG, pSar and PHPMA-based carriers in nanomedicine (Hu et al., 2015; Atrafi et al., 2020).
PEGylation and Drawbacks
Polyethylene glycol provides a steric barrier to nanocarriers with the aim of avoiding their interaction with plasma proteins including opsonins and MPS cells, thus prolonging their blood circulation time (Pasut et al., 2015). For this reason, the PEGylation of nanocarriers is a gold standard for improving the therapeutic outcomes with fewer side effects. PEG is the most widely used “stealth polymer” in the drug delivery field, due to its long history of safety in humans and its Generally Regarded as Safe (GRAS) status received from the FDA (Suk et al., 2016). In 1977 Davis and Abuchowsky described for the first time the conjugation of PEG to bovine serum albumin and liver catalases in order to increase the half-life of the proteins with no modulation of their activity (Abuchowsky et al., 1977). Since then, PEGylation has been used in several fields, promoting the development of different formulations characterized by prolonged plasmatic residence time (Veronese and Pasut, 2005). Indeed, the polymer was either directly linked to active compounds or to the surfaces of the nanosystems providing an outstanding stability in biological fluids (Hoang Thi et al., 2020; Sanchez-Cano and Carril, 2020). Namely, it was reported by Klibanov and coworkers that the blood circulation half-life of systemically administered liposomes has been increased by PEGylation from 30 min to 5 h (Klibanov et al., 1990). Later, Gref and coworkers described the first PEGylated PNs, made up of PLGA, evidencing a significant increase in the plasmatic residence time of nanosystems and a reduced liver accumulation with respect to the non-PEGylated systems (Gref et al., 1994). The choice of the more suitable PEG formulation could be very complicated because of the different physico-chemical features of the various derivatives such as the architecture of PEG chains (molecular weight, chain length and several branch arms) that can affect the effectiveness of the polymer as shielding agent. Namely, a study performed by Gref and coworkers investigated the influence of plasma proteins on PEGylated poly(lactic acid) (PLA-PEG) NPs, varying the MW of the hydrophilic polymer (Gref et al., 2000). They demonstrated that the total amount of protein adsorbed onto the surfaces of the nanoparticles significantly decreased when the MW of PEG was a maximum of 5 kDa, but when it was increased to 10, 15, and 20 kDa no additional decrease of adsorbed proteins was observed (Gref et al., 2000). Moreover, it was confirmed by several studies that PEG having a MW of 2 kDa or higher is required to provide a useful steric hindrance on the surfaces of nanosystems in order to decrease protein adsorption and to reduce recognition by the MPS (Bazile et al., 1995; Mosqueira et al., 1999; Fang, 2006; Owens and Peppas, 2006; Perrault and Chan, 2009). The PEG arrangement can also be modulated by the density of the PEG moieties on the particle surface, promoting a mushroom conformation at low polymer densities or a more extended brush state at higher densities (Gulati et al., 2018; Mozar and Chowdhury, 2018).
After several years of clinical use, PEGylation recently showed some potential drawbacks due to the wide application of the polymer. For instance, according to several works, PEG showed a certain non-biodegradability which limits its renal excretion, promoting its accumulation in the liver and in the lisosomes of healthy tissues (Thomas and Weber, 2019). Several hypersensitivity reactions have also been reported (Thomas and Weber, 2019). In addition, there is much experimental evidence that shows a significant level of PEG-related immunogenicity due to antiPEG antibodies detected in the blood of some patients. At the end of the last century, only 0.2% of the population had anti-PEG antibodies, while since 2012 a dramatic increase in the number (up to 25%) has been observed (Garay et al., 2012). This phenomenon suggests that the ample use of PEG-derivatives in various products used daily, especially in cosmetics and food as well as in pharmaceutical formulations, promotes the appearance of related antibodies (Gulati et al., 2018). This can be a significant issue for the colloidal formulations that require repeated systemic administration. Namely some reports evidenced that multiple injections of PEGylated liposomes induced significant immune responses, resulting in a loss of the long circulation half-life of vesicles. This phenomenon is called “accelerated blood clearance” (ABC) and it is characterized by the appearance of anti-PEG IgM, produced by the spleen after the intravenous injection of PEGylated systems that bind the hydrophilic polymer and promote their rapid elimination (Saadati et al., 2013). The ABC phenomenon can compromise the therapeutic efficacy of a drug encapsulated in PEG-coated nanosystems following repeated administrations, modifying the distribution of the compound in tissues. Nevertheless, this effect has also been obtained using PEG-microemulsions, polymeric micelles, nanoparticles and PEGylated proteins (Baumann et al., 2014; Suk et al., 2016). It has been reported that many factors influence the ABC phenomenon, such as the injected dosage, the physico-chemical properties of PEGylated systems, the frequency of use and the animal species. Researchers have employed different animal models to study the ABC phenomenon, including rhesus monkeys, rats, mice and rabbits, but there are various incongruencies with the results (Abu Lila et al., 2013).
However, additional studies of PEG immunogenicity with PNs will be necessary, because many of the experimental works are focused on the systemic immunogenicity of liposomes, which show different physico-chemical features with respect to the polymeric nanosystems. These drawbacks as well as related solutions, have been accurately described in other reviews (Suk et al., 2016; Shreffler et al., 2019). Potential PEG alternatives and the influence of PNs on the stimulation of the immune systems are reported in Supplementary Materials.
Active Targeting
The active targeting approach is based on the conjugation/integration/adsorption of a ligand to the surface of a nanocarrier with the aim of promoting its interaction with overexpressed receptors specifically in tumor tissue while minimizing interaction with healthy cells (Figure 5). Small molecules such as folic acid and carbohydrates, or macromolecules such as peptides, proteins antibodies, aptamers, and oligonucleotides have been used for these purposes (Wicki et al., 2015). Several anticancer therapeutics, grouped under the name “ligand-targeted therapeutics”, such as trastuzumab (anti-ERBB2, Herceptin®), bevacizumab (anti-VEGF, Avastin®) etaracizumab, and a humanized anti-αvβ3 antibody (Abegrin), have been conjugated onto the surfaces of drug delivery systems in order to promote their accumulation in specific body compartments (Danhier et al., 2010). The level, selectivity, and homogeneity of expression of the target are important factors in the selection of the ligand-target system for active targeting. An overview of the two principal targets (the surfaces of cancer cells and endothelial tumor cells) is provided in supplementary material. A full discussion of this topic is beyond the scope of this review; however, several excellent review articles have been recently published (Mukherjee et al., 2013; Bazak et al., 2014; Zhong et al., 2014; Choudhury et al., 2019; Das et al., 2019; Molavipordanjani and Hosseinimehr, 2019; Raj et al., 2019).
Stimuli-Sensitive PNs and Trigger Release
In response to physical, chemical, or biological triggers, stimuli-responsive systems promote the release of drugs as a consequence of the structural modulation of the materials (Figure 5). Triggers can be divided into internal stimuli (patho-physiological/patho-chemical condition) which include changes in pH, redox, ionic strength, and shear stress in the target tissues (Li et al., 2013; Lim et al., 2018) and external stimuli (physical) such as temperature, light, ultrasound, magnetic force, and electric fields (Cheng et al., 2013; Liu et al., 2019; Qin et al., 2020).
Several studies in literature demonstrate that the acidification of the tumor microenvironment facilitates the pH-sensitive PNs to release the entrapped drugs into the neoplastic tissue. Lee et al. developed poly(l-histidine)-block-PEG (PbAE) core shell nanoparticles able to release the extrapped doxorubicin at a pH below 7.4 (Lee et al., 2003). This is mainly due to the intrinsic features of PbAE which enhances drug leakage upon exposure to an acid pH; in fact, the unprotonated polymer is insoluble at the physiological pH (7.4) but becomes instantly soluble in aqueous media when the pH of the solution is below 6.5 (Lynn et al., 2001). For this reason, these polymers could be very useful for the delivery of therapeutic agents in solid tumors. Moreover, according to You and August, mild physiological changes in pH ranges between 0.2 and 0.6, could effectively trigger the pH-sensitive poly (N, N-dimethylaminoethyl methacrylate (DMAEMA)/2-hydroxyethyl methacrylate (HEMA) PNs (You and Oupický, 2007; Fang et al., 2015).
Shen et al. developed a novel pH-sensitive delivery nanosystem made up of polymethacrylate grafted poly(amidoamine) modified by folate-PEGylation in order to enhance tumor selectivity and to promote the release of the entrapped drug at an acid pH (Shen et al., 2012).
Ling et al. prepared multifunctional PNs made up of iron oxide and pH-responsive ligands which can target tumors via surface-charge switching, and can be disassembled into a highly active state that ‘turns on’ MR contrast, photodynamic and therapeutic fluorescence activity to selectively kill cancer cells in mice (Ling et al., 2014).
The hypoxic area of tumors rich in reductive agents is another type of microenvironment useful for a triggered drug release by means of disulfide bonds containing PNs (Fleige et al., 2012). In fact, increased glutathione levels lead to a cleavage of disulfide bonds and hence induce drug leakage from the nanosystems into the tumor tissue. External stimuli such as thermal responsiveness, can be applied to a wide spectrum of cancer types, because it relies on local heating to confine the release of drugs, notably improving their clinical application (Crucho, 2015). Moreover, hyperthermia promotes the accumulation of drugs inside the tumor, enhancing the EPR effect of tumor vasculature (Frazier and Ghandehari, 2015). Poly(N-isopropylacrylamide) (PNIPAAm) is a polymer particularly used as a thermosensitive material, because it is characterized by a remarkable phase transition from a water-soluble conformation to an insoluble and hydrophobic aggregate, through a slight increase of temperature. This phenomenon occurs at a low critical solution temperature (LCST) and the phase transition is reversible based on the changes in temperature. This polymer specifically exhibits a LCST of 32°C in water and has been extensively used as a drug carrier (Deptula et al., 2015). Another physical stimulus is light, which includes ultraviolet or near-infrared rays. Light penetrates deeply into the body with increasing wavelengths and the limitation of light absorption by superficial tissues can be easily overcome by special devices such as fiber optic catheters (Jhaveri et al., 2014). Moreover, in order to identify tumor tissue, ultrasound has been used to trigger the release of contrast agents from responsive nanosystems, improving the selectivity of the imaging technique (Joglekar and Trewyn, 2013).
In recent years several studies have shown the ability of stimuli-responsive copolymer-drug bioconjugates to significantly improve the therapeutic index of the active compounds by means of increased accumulation in the tumor sites (Chen et al., 2019b; Zheng et al., 2019; Cai et al., 2020; Guo et al., 2020; Pan et al., 2020; Zhang et al., 2020). For example, Chen and coworkers developed two strategies to achieve this goal: a) through use of N-(1,3-dihydroxypropan-2-yl) methacrylamide with a high molecular weight (MW) linked to doxorubicin by an enzyme-responsive oligopeptide linker and b) by modifying the previously-decribed polymeric derivative by grafting PEG via a disulfide bond. The multistimuli-responsive PEGylated polymeric bioconjugate was characterized by an increased intracellular drug release promoted by the high levels of pH, GSH and cathepsin B in tumor tissues (Chen et al., 2020). The prodrug showed a half-life of 16.9 h, significantly longer than the PEG-free derivative (10.4 h) and DOX (2.7 h), exerting a great antitumor effect and confirming the therapeutic advancement of this approach (Chen et al., 2020).
PRECLINICAL AND CLINICAL INVESTIGATIONS
Abraxane or Nab-Paclitaxel
Taxanes, paclitaxel and docetaxel, are cornerstones in the treatment of breast cancer and several other solid tumors (Nicoletti et al., 1993; Geller et al., 2009; Haigentz et al., 2017; Zhu and Chen, 2019). They are highly potent anticancer drugs (Wani et al., 1971), but because of their low aqueous solubility, they require special formulations to enable parenteral administration. In first-generation paclitaxel formulations, polyoxyethylated castor oil (Cremophor-based, Kolliphor® EL, formerly known as cremophor EL) was used to make solubilized-paclitaxel (sb-paclitaxel). But cremophor directly contributed to severe and dose-limiting toxicities observed in patients (Brouwer et al., 2000; Chao et al., 2005; Scripture et al., 2005). Abraxane (ABI-007) is a cremophor–free nanoparticulate albumin-bound paclitaxel (nab-paclitaxel), which was developed using Celgene’s proprietary nanoparticle albumin-bound (nab) technology platform. Abraxane combines paclitaxel with a naturally occurring human albumin protein and exploits endogenous albumin transport pathways, resulting in enhanced transport across endothelial cells. The transcytosis of nab-paclitaxel is facilitated by its binding to the gp60 receptor and caveolar transport. In the interstitium, nab-paclitaxel binds to the Secreted Protein Acidic and Rich in Cysteine (SPARC), which is overexpressed in the majority of solid tumors, thus achieving enhanced drug targeting and penetration in tumors. Abraxane delivers 49% more paclitaxel to tumors as compared to solvent-based paclitaxel formulations and eliminates solvent-mediated toxicities, such as hypersensitivity reactions (Gradishar et al., 2005). Abraxane has been approved in 41 countries, including the USA, Canada, the European Union and Japan as first-line treatment for metastatic breast cancer. In combination with platinum drugs, it is also used in non-small cell lung cancer patients (Chen et al., 2015; Adrianzen Herrera et al., 2019).
Abraxane consists of paclitaxel stabilized within ∼130 nm albumin nanoparticles in a non-crystalline state. It is used as a colloidal suspension of 5 mg/ml paclitaxel reconstituted in 0.9% saline from a lyophilized formulation of paclitaxel and human serum albumin. In a comparative study, Abraxane was found to possess better physicochemical stability post-reconstitution than two other cremophor-free formulations, namely Genexol and Nanoxel, in which paclitaxel was solubilized in micellar form by an amphiphilic block copolymer methoxy-poly(ethylene glycol)-block-poly(d,l-lactide) (Ron et al., 2008). Following intravenous administration, amorphous paclitaxel solubilizes as a smaller albumin-bound paclitaxel complex. It was also associated with pharmacokinetics which were distinct from those of sb-paclitaxel (Chen et al., 2014). Apart from a more rapid and broader distribution, nab-paclitaxel also exhibited extensive and deep tissue penetration. The rates of the distribution of paclitaxel more than doubled when administered as nab-paclitaxel vs. sb-paclitaxel (Chen et al., 2014). At the same time, the elimination of paclitaxel was much slower for nab-paclitaxel as compared to sb-paclitaxel, suggesting that nab-paclitaxel allows for an increase in the systemic exposure of paclitaxel (Sonnichsen et al., 1994; Ibrahim et al., 2002). Moreover, unlike sb-paclitaxel, nab-paclitaxel distributes evenly between the cellular and plasmatic components of blood; sb-paclitaxel concentrates largely in plasma and is not readily distributed to blood cells (Lyman et al., 2005). Both nab-paclitaxel and sb-paclitaxel showed a similar tendency to supress an absolute neutrophil count (Joerger et al., 2007), suggesting that the suppression of hematopoiesis is not altered by the nanoparticulate formulation. Overall, the advent of Abraxane has been a landmark in the therapy of solid tumors using taxanes, and this development has been attributed to a significant improvement in the safety and efficacy of paclitaxel as nab-paclitaxel as compared to sb-paclitaxel (Vishnu and Roy, 2011).
BIND-014®
BIND-014 is a PEGylated polylactic acid nanoparticle containing docetaxel conjugated with a small-molecule targeting prostate-specific membrane antigen (PSMA) for prostate cancer. This preparation allows the gradual release of docetaxel upon degradation of the polylactic acid, and the presence of surface PEG enables its escape from the host’s immune response while the PSMA ligand restricts the cytotoxic effect to PSMA-expressing cells (Chang et al., 1999; Rajasekaran et al., 2005). Developed by BIND Therapeutics, Inc (Cambridge, MA), BIND-014 is a targeted nanoparticle of approximately 100 nm. Preclinical studies showed pharmacokinetic properties of BIND-014 that were markedly different from those of sb-docetaxel. It exhibited a higher peak concentration (Cmax), a greater area under the curve, and a lower volume of distribution and clearance, indicating that BIND-014 is retained in the plasmatic compartment and releases docetaxel at a slow and controlled rate (Summa et al., 2015). Administration of BIND-014 to animals bearing tumor xenografts was found to result in higher intra-tumoral docetaxel concentrations and increased anti-tumor activity as compared to free docetaxel (Summa et al., 2015). In phase 1 clinical studies, BIND-014 was reported to be well-tolerated as compared to conventional docetaxel (Von Hoff et al., 2016), which led to a phase 2 study called iNSITE 1 (investigation of Sacroiliac Fusion Treatment) in patients with metastatic castration-resistant prostate cancer (Autio et al., 2016). In this phase 2 study, BIND-014 demonstrated a 52.5% 6-week disease control rate for the intention-to-treat population and 70% in the per-protocol population, which exceeded the trial target rate of 65% (Autio et al., 2018). However, a second study (iNSITE 2) in patients with cervical and head and neck cancers reported the poor performance of BIND-014 in reaching study goals. Based on these results and lack of resources to develop and further test this technology, clinical trials were aborted and BIND Therapeutics filed for bankruptcy in 2016.
Livatag®
Livatag is a nanoparticulate doxorubicin formulation developed by Onexo (Paris, France). The drug is encapsulated within 100–200 nm nanoparticles composed of polyalkylcyanoacrylate, cyclodextrin, and poloxamer (doxorubicin Transdrug) and these were presented as ultra-dispersed colloidal systems for the treatment of primary liver cancer. The success of Livatag depended on its efficacy to treat cancer cells that had become resistant to chemotherapy, with an assumption that the nanoparticle formulation would prevent the rejection of doxorubicin outside the cell. Although doxorubicin is commonly used for the intra-hepatic arterial delivery of chemotherapy for hepatocellular carcinoma (Llovet et al., 2002), free doxorubicin is associated with high morbidity, and its efficacy in tumor regression and overall survival is poor (Lai et al., 1988). Initial studies with Livatag showed that it generated a 12-fold increase in drug exposure within the hepatic tumor tissue as compared to free doxorubicin, without increasing the drug’s exposure in the heart or other vital organs (Bennis et al., 1994). Nanoparticles were taken up by the liver after only a few minutes and this approach appeared to avoid the drug resistance mediated by the rapid efflux of free drug (Bennis et al., 1994). However, Livatag’s clinical trail showed frequent and severe adverse pulmonary events; at the same time, its efficacy was in the same range as that achieved by other existing drugs. Moreover, the trial found no dose-dependent differences between the two Livatag arms, and it failed to meet the primary endpoint in a phase 3 trial in adult patients with unresectable hepatocellular carcinoma. Based on these observations, further development of Livatag was stopped (Merle et al., 2017).
CONCLUSIONS AND PERSPECTIVES
Despite the fact that PNs have been considered promising formulations for cancer therapy, their successful application is limited by various drawbacks (Kumari et al., 2016). In particular, changes in the physico-chemical properties of nanocarriers (size, surface charge, aggregation, appearance of protein corona) promoted by the components of the blood stream and early drug release in addition to the development of multiple drug resistance by cancer cells, all limit their pharmacological efficacy. Moreover, the toxicity of PNs made up of novel materials, including organic polymers or mixed systems with inorganic materials such as gold, silver oxide and silica are issues for clinical application. The particle size, shape, sedimentation, drug encapsulation efficacy, desired drug release profiles, distribution in the body, circulation and cost are some of the parameters used to select suitable formulations for an efficient cancer targeted drug delivery (Biswas et al., 2013).
However, although many efforts have been made to develop novel targeted nanocarriers, only a few of them are approved for clinical use by the FDA (Barenholz, 2012). This phenomenon could be due to the lack of knowledge on the distribution and accumulation of targeted nanoparticles after oral or intravenous administration and/or to the deficiency of regulatory aspects (e.g., study design and approval challenges) (Kumari et al., 2016). The future of nanomedicine, especially by means of PNs, will improve the efficacy of conventional therapies by exploiting the concept of personalized therapy as a consequence of the opportunity of modulating the various parameters of nanosystems as previously described. For instance, the application of PNs for the combined therapy of tumor (simultaneous delivery of multiple anticancer drugs/combination of conventional chemotherapeutics with other treatment modalities) as well as the delivery of anticancer drugs in association with photosensitizing agents, nucleic acids, antiangiogenic compounds may all better exploit the versatility of the proposed systems and their ability to overcome MDR mechanisms thus increasing the final anticancer effect. The continuous research on PNs in both preclinical and clinical studies will improve the prevention, diagnosis and treatment of cancer.
AUTHOR CONTRIBUTIONS
AG, EG, SB, VA, and DC conceived the review and drafted the original manuscript. AG, EG, VE, and MF analyzed the literature data. SB, VA, and DC supervised the study. All authors approved the final manuscript.
FUNDING
This paper was financially supported by funds from the Department of Health Sciences, University of Catanzaro “Magna Græcia”.
ACKNOWLEDGMENTS
The authors are grateful to Lynn Whitted for her language revision of this article.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.601626/full#supplementary-material.
REFERENCES
 Abadjian, M. Z., Edwards, W. B., and Anderson, C. J. (2017). Imaging the tumor microenvironment. Adv. Exp. Med. Biol. 1036, 229–257. doi:10.1007/978-3-319-67577-0_15
 Abu Lila, A. S., Kiwada, H., and Ishida, T. (2013). The accelerated blood clearance (ABC) phenomenon: clinical challenge and approaches to manage. J. Contr. Release 172, 38–47. doi:10.1016/j.jconrel.2013.07.026
 Abuchowsky, A., van Es, T., Palczuk, N. C., and Davis, F. F. (1977). Alteration of immunological properties of bovine serum albumin by covalent attachment of polyethylene glycol. J. Biol. Chem. 252, 3578–3581.
 Adrianzen Herrera, D., Ashai, N., Perez-Soler, R., and Cheng, H. (2019). Nanoparticle albumin bound-paclitaxel for treatment of advanced non-small cell lung cancer: an evaluation of the clinical evidence. Expet Opin. Pharmacother. 20, 95–102. doi:10.1080/14656566.2018.1546290
 Akash, M. S. H., and Rehman, K. (2015). Recent progress in biomedical applications of pluronic (PF127): pharmaceutical perspectives. J. Contr. Release 209, 120–138. doi:10.1016/j.jconrel.2015.04.032
 Alberg, I., Kramer, S., Schinnerer, M., Hu, Q., Seidl, C., Leps, C., et al. (2020). Polymeric nanoparticles with neglectable protein corona. Small 16, 1907574. doi:10.1002/smll.201907574
 Alcázar-Alay, S. C., and Meireles, M. A. A. (2015). Physicochemical properties, modifications and applications of starches from different botanical sources. Food Sci. Technol. 35, 215–236. doi:10.1590/1678-457X.6749
 Alshamsan, A. (2014). Nanoprecipitation is more efficient than emulsion solvent evaporation method to encapsulate cucurbitacin I in PLGA nanoparticles. Saudi Pharmaceut. J. 22, 219–222. doi:10.1016/j.jsps.2013.12.002
 Amer, M. S., and Ibrahim, H. A. H. (2019). Chitosan from marine-derived Penicillum spinulosum MH2 cell wall with special emphasis on its antimicrobial and antifouling properties. Egypt J. Aquat. Res. 45, 359–365. doi:10.1016/j.ejar.2019.11.007
 An, F.-F., and Zhang, X.-H. (2017). Strategies for preparing albumin-based nanoparticles for multifunctional bioimaging and drug delivery. Theranostics 7, 3667–3689. doi:10.7150/thno.19365
 Anju, S., Prajitha, N., Sukanya, V. S., and Mohanan, P. V. (2020). Complicity of degradable polymers in health-care applications. Mater. Today Chem. 16, 100236. doi:10.1016/j.mtchem.2019.100236
 Arias, S., del Moral, A., Ferrer, M. R., Tallon, R., Quesada, E., and Béjar, V. (2003). Mauran, an exopolysaccharide produced by the halophilic bacterium Halomonas maura, with a novel composition and interesting properties for biotechnology. Extremophiles . 7, 319–326. doi:10.1007/s00792-003-0325-8
 Ashour, A. E., Badran, M., Kumar, A., Hussain, T., Alsarra, I. A., and Yassin, A. E. B. (2019). Physical pegylation enhances the cytotoxicity of 5-fluorouracil-loaded PLGA and PCL nanoparticles. Int. J. Nanomed. 14, 9259. doi:10.2147/IJN.S223368
 Atrafi, F., Dumez, H., Mathijssen, R. H. J., van der Houven, C. W. M., Rijcken, C. J. F., Hanssen, R., et al. (2020). A phase I dose-escalation and pharmacokinetic study of a micellar nanoparticle with entrapped docetaxel (CPC634) in patients with advanced solid tumours. J. Contr. Release 325, 191–197. doi:10.1016/j.jconrel.2020.06.020
 Autio, K. A., Dreicer, R., Anderson, J., Garcia, J. A., Alva, A., Hart, L. L., et al. (2018). Safety and efficacy of BIND-014, a docetaxel nanoparticle targeting prostate-specific membrane antigen for patients with metastatic castration-resistant prostate cancer: a phase 2 clinical trial. JAMA Oncol 4, 1344–1351. doi:10.1001/jamaoncol.2018.2168
 Autio, K. A., Garcia, J. A., Alva, A. S., Hart, L. L., Milowsky, M. I., Posadas, E. M., et al. (2016). A phase 2 study of BIND-014 (PSMA-targeted docetaxel nanoparticle) administered to patients with chemotherapy-naïve metastatic castration-resistant prostate cancer (mCRPC). J. Clin. Oncol 4, 1344–1351. doi:10.1001/jamaoncol.2018.2168
 Banerjee, A., Qi, J., Gogoi, R., Wong, J., and Mitragotri, S. (2016). Role of nanoparticle size, shape and surface chemistry in oral drug delivery. J. Contr. Release 12, 33. doi:10.1016/j.jconrel.2016.07.051
 Banik, B. L., Fattahi, P., and Brown, J. L. (2016). Polymeric nanoparticles: the future of nanomedicine. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 8, 271–299. doi:10.1002/wnan.1364
 Barenholz, Y. (2012). Doxil®—the first FDA-approved nano-drug: lessons learned. J. Contr. Release 160, 117–134. doi:10.1016/j.jconrel.2012.03.020
 Batrakova, E. V., and Kabanov, A. V. (2008). Pluronic block copolymers: evolution of drug delivery concept from inert nanocarriers to biological response modifiers. J. Contr. Release 130, 98–106. doi:10.1016/J.JCONREL.2008.04.013
 Baumann, A., Tuerck, D., Prabhu, S., Dickmann, L., and Sims, J. (2014). Pharmacokinetics, metabolism and distribution of PEGs and PEGylated proteins: quo vadis?. Drug Discov. Today 19, 1623–1631. doi:10.1016/j.drudis.2014.06.002
 Bazak, R., Houri, M., Achy, S. E., Hussein, W., and Refaat, T. (2014). Passive targeting of nanoparticles to cancer: a comprehensive review of the literature. Mol. Clin. Oncol. 2, 904–908. doi:10.3892/mco.2014.356
 Bazile, D., Prud’homme, C., Bassoullet, M. T., Marlard, M., Spenlehauer, G., and Veillard, M. (1995). Stealth Me.PEG-PLA nanoparticles avoid uptake by the mononuclear phagocytes system. J. Pharmacol. Sci. 84, 493–498. doi:10.1002/jps.2600840420
 Behzadi, S., Serpooshan, V., Sakhtianchi, R., Müller, B., Landfester, K., Crespy, D., et al. (2014). Protein corona change the drug release profile of nanocarriers: the “overlooked” factor at the nanobio interface. Colloids Surf. B Biointerfaces 123, 143–149. doi:10.1016/j.colsurfb.2014.09.009
 Bennis, S., Chapey, C., Robert, J., and Couvreur, P. (1994). Enhanced cytotoxicity of doxorubicin encapsulated in polyisohexylcyanoacrylate nanospheres against multidrug-resistant tumour cells in culture. Eur. J. Canc. 30, 89–93. doi:10.1016/S0959-8049(05)80025-5
 Bertrand, N., Grenier, P., Mahmoudi, M., Lima, E. M., Appel, E. A., Dormont, F., et al. (2017). Mechanistic understanding of in vivo protein corona formation on polymeric nanoparticles and impact on pharmacokinetics. Nat. Commun. 8, 777. doi:10.1038/s41467-017-00600-w
 Biswas, S., Deshpande, P. P., Navarro, G., Dodwadkar, N. S., and Torchilin, V. P. (2013). Lipid modified triblock PAMAM-based nanocarriers for siRNA drug co-delivery. Biomaterials 34, 1289–1301. doi:10.1016/j.biomaterials.2012.10.024
 Bodratti, A. M., and Alexandridis, P. (2018). Formulation of poloxamers for drug delivery. J. Funct. Biomater. 9, 11. doi:10.3390/jfb9010011
 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 68, 394–424. doi:10.3322/caac.21492
 Brouwer, E., Verweij, J., De Bruijn, P., Loos, W. J., Pillay, M., Buijs, D., et al. (2000). Measurement of fraction unbound paclitaxel in human plasma. Drug Metab. Dispos. 28, 1141–1145.
 Cai, H., Dai, X., Wang, X., Tan, P., Gu, L., Luo, Q., et al. (2020). A nanostrategy for efficient imaging‐guided antitumor therapy through a stimuli‐responsive branched polymeric prodrug. Adv. Sci. 7, 1903243. doi:10.1002/advs.201903243
 Cai, R., and Chen, C. (2019). The crown and the scepter: roles of the protein corona in nanomedicine. Adv. Mater. 31, 1805740. doi:10.1002/adma.201805740
 Caputo, F., Clogston, J., Calzolai, L., Rösslein, M., and Prina-Mello, A. (2019). Measuring particle size distribution of nanoparticle enabled medicinal products, the joint view of EUNCL and NCI-NCL. A step by step approach combining orthogonal measurements with increasing complexity. J. Contr. Release 299, 31–43. doi:10.1016/j.jconrel.2019.02.030
 Carraro, T. C. M. M., Khalil, N. M., and Mainardes, R. M. (2016). Amphotericin B-loaded polymeric nanoparticles: formulation optimization by factorial design. Pharmaceut. Dev. Technol. 21, 140–146. doi:10.3109/10837450.2014.979942
 Casalini, T., Rossi, F., Castrovinci, A., and Perale, G. (2019). A perspective on polylactic acid-based polymers use for nanoparticles synthesis and applications. Front. Bioeng. Biotechnol. 7, 259. doi:10.3389/fbioe.2019.00259
 Cedervall, T., Lynch, I., Lindman, S., Berggård, T., Thulin, E., Nilsson, H., et al. (2007). Understanding the nanoparticle-protein corona using methods to quantify exchange rates and affinities of proteins for nanoparticles. Proc. Natl. Acad. Sci. U. S. A. 104, 2050–2055. doi:10.1073/pnas.0608582104
 Chang, S. S., O’Keefe, D. S., Bacich, D. J., Reuter, V. E., Heston, W. D., and Gaudin, P. B. (1999). Prostate-specific membrane antigen is produced in tumor-associated neovasculature. Clin. cancer Res. an Off. J. Am. Assoc. Cancer Res. 5, 2674–2681. 
 Chao, T.-C., Chu, Z., Tseng, L.-M., Chiou, T.-J., Hsieh, R.-K., Wang, W.-S., et al. (2005). Paclitaxel in a novel formulation containing less Cremophor EL as first-line therapy for advanced breast cancer: a phase II trial. Invest. N. Drugs 23, 171–177. doi:10.1007/s10637-005-5863-8
 Chen, H., Huang, X., Wang, S., Zheng, X., Lin, J., Li, P., et al. (2015). Nab-paclitaxel (abraxane)-based chemotherapy to treat elderly patients with advanced non-small-cell lung cancer: a single center, randomized and open-label clinical trial. Chin. J. Canc. Res. 27, 190–196. doi:10.3978/j.issn.1000-9604.2014.12.17
 Chen, H., Qin, J., and Hu, Y. (2019a). Efficient degradation of high-molecular-weight hyaluronic acid by a combination of ultrasound, hydrogen peroxide, and copper ion. Molecules 24, 617. doi:10.3390/molecules24030617
 Chen, K., Cai, H., Zhang, H., Zhu, H., Gu, Z., Gong, Q., et al. (2019b). Stimuli-responsive polymer-doxorubicin conjugate: antitumor mechanism and potential as nano-prodrug. Acta Biomater. 84, 339–355. doi:10.1016/j.actbio.2018.11.050
 Chen, K., Liao, S., Guo, S., Zheng, X., Wang, B., Duan, Z., et al. (2020). Multistimuli-responsive PEGylated polymeric bioconjugate-based nano-aggregate for cancer therapy. Chem. Eng. J. 391, 123543. doi:10.1016/j.cej.2019.123543
 Chen, N., Li, Y., Ye, Y., Palmisano, M., Chopra, R., and Zhou, S. (2014). Pharmacokinetics and pharmacodynamics of nab‐paclitaxel in patients with solid tumors: disposition kinetics and pharmacology distinct from solvent‐based paclitaxel. J. Clin. Pharmacol. 54, 1097–1107. doi:10.1002/jcph.304
 Cheng, R., Meng, F., Deng, C., Klok, H.-A., and Zhong, Z. (2013). Dual and multi-stimuli responsive polymeric nanoparticles for programmed site-specific drug delivery. Biomaterials 34, 3647–3657. doi:10.1016/j.biomaterials.2013.01.084
 Chiesa, E., Dorati, R., Conti, B., Modena, T., Cova, E., Meloni, F., et al. (2018). Hyaluronic acid-decorated chitosan nanoparticles for CD44-targeted delivery of everolimus. Int. J. Mol. Sci. 19, 2310. doi:10.3390/ijms19082310
 Chinen, A. B., Guan, C. M., Ko, C. H., and Mirkin, C. A. (2017). The impact of protein corona formation on the macrophage cellular uptake and biodistribution of spherical nucleic acids. Small 13, 1603847. doi:10.1002/smll.201603847
 Choudhury, H., Gorain, B., Pandey, M., Khurana, R. K., and Kesharwani, P. (2019). Strategizing biodegradable polymeric nanoparticles to cross the biological barriers for cancer targeting. Int. J. Pharm. 565, 509–522. doi:10.1016/j.ijpharm.2019.05.042
 Choudhury, H., Gorain, B., Pandey, M., Kumbhar, S. A., Tekade, R. K., Iyer, A. K., et al. (2017). Recent advances in TPGS-based nanoparticles of docetaxel for improved chemotherapy. Int. J. Pharm. 529, 506–522. doi:10.1016/j.ijpharm.2017.07.018
 Coester, C., Kreuter, J., Von Briesen, H., and Langer, K. (2000). Preparation of avidin-labelled gelatin nanoparticles as carriers for biotinylated peptide nucleic acid (PNA). Int. J. Pharm. 196, 147–149. doi:10.1016/S0378-5173(99)00409-3
 Corbo, C., Molinaro, R., Parodi, A., Toledano Furman, N. E., Salvatore, F., and Tasciotti, E. (2016). The impact of nanoparticle protein corona on cytotoxicity, immunotoxicity and target drug delivery. Nanomedicine 11, 81–100. doi:10.2217/nnm.15.188
 Cosco, D., Federico, C., Maiuolo, J., Bulotta, S., Molinaro, R., Paolino, D., et al. (2014). Physicochemical features and transfection properties of chitosan/poloxamer 188/poly (D, L-lactide-co-glycolide) nanoplexes. Int. J. Nanomed. 9, 2359–2372. doi:10.2147/IJN.S58362
 Cosco, D., Mare, R., Paolino, D., Salvatici, M. C., Cilurzo, F., and Fresta, M. (2019). Sclareol-loaded hyaluronan-coated PLGA nanoparticles: physico-chemical properties and in vitro anticancer features. Int. J. Biol. Macromol. 132, 550–557. doi:10.1016/j.ijbiomac.2019.03.241
 Cosco, D., Molinaro, R., Morittu, V. M., Cilurzo, F., Costa, N., and Fresta, M. (2011). Anticancer activity of 9-cis-retinoic acid encapsulated in PEG-coated PLGA-nanoparticles. J. Drug Deliv. Sci. Technol. 11, 141–144. doi:10.1016/S1773-2247(11)50064-4
 Cosco, D., Paolino, D., De Angelis, F., Cilurzo, F., Celia, C., Di Marzio, L., et al. (2015). Aqueous-core PEG-coated PLA nanocapsules for an efficient entrapment of water soluble anticancer drugs and a smart therapeutic response. Eur. J. Pharm. Biopharm. 89, 30–39. doi:10.1016/j.ejpb.2014.11.012
 Crucho, C. I. C., and Barros, M. T. (2017). Polymeric nanoparticles: a study on the preparation variables and characterization methods. Mater. Sci. Eng. C. 80, 771–784. doi:10.1016/j.msec.2017.06.004
 Crucho, C. I. C. (2015). Stimuli‐responsive polymeric nanoparticles for nanomedicine. ChemMedChem. 10, 24–38. doi:10.1002/cmdc.201402290
 Dang, Y., and Guan, J. (2020). Nanoparticle-based drug delivery systems for cancer therapy. Smart Mater. Med. 1, 10–19. doi:10.1016/j.smaim.2020.04.001
 Danhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., and Préat, V. (2012). PLGA-based nanoparticles: an overview of biomedical applications. J. Contr. Release 161, 505–522. doi:10.1016/j.jconrel.2012.01.043
 Danhier, F., Feron, O., and Préat, V. (2010). To exploit the tumor microenvironment: passive and active tumor targeting of nanocarriers for anti-cancer drug delivery. J. Contr. Release 148, 135–146. doi:10.1016/j.jconrel.2010.08.027
 Das, R. P., Gandhi, V. V., Singh, B. G., and Kunwar, A. (2019). Passive and active drug targeting: role of nanocarriers in rational design of anticancer formulations. Curr. Pharmaceut. Des. 25, 3034–3056. doi:10.2174/1381612825666190830155319
 De Palma, M., Biziato, D., and Petrova, T. V. (2017). Microenvironmental regulation of tumour angiogenesis. Nat. Rev. Canc. 17, 457. doi:10.1038/nrc.2017.51
 DeFrates, K., Markiewicz, T., Gallo, P., Rack, A., Weyhmiller, A., Jarmusik, B., et al. (2018). Protein polymer-based nanoparticles: fabrication and medical applications. Int. J. Mol. Sci. 19, 1717. doi:10.3390/ijms19061717
 Demircioglu, F., and Hodivala-Dilke, K. (2016). αvβ3 integrin and tumour blood vessels—learning from the past to shape the future. Curr. Opin. Cell Biol. 42, 121–127. doi:10.1016/j.ceb.2016.07.008
 Deptuła, T., Warowicka, A., Woźniak, A., Grzeszkowiak, M., Jarzębski, M., Bednarowicz, M., et al. (2015). Cytotoxicity of thermo-responsive polymeric nanoparticles based on N-isopropylacrylamide for potential application as a bioscaffold. Acta Biochim. 62, 311–316. doi:10.18388/abp.2015_1007
 Di Marzio, L., Ventura, C. A., Cosco, D., Paolino, D., Di Stefano, A., Stancanelli, R., et al. (2016). Nanotherapeutics for anti-inflammatory delivery. J. Drug Deliv. Sci. Technol. 32, 174–191. doi:10.1016/j.jddst.2015.10.011
 Domínguez-Ríos, R., Sánchez-Ramírez, D. R., Ruiz-Saray, K., Oceguera-Basurto, P. E., Almada, M., Juárez, J., et al. (2019). Cisplatin-loaded PLGA nanoparticles for HER2 targeted ovarian cancer therapy. Colloids Surf. B Biointerfaces 178, 199–207. doi:10.1016/j.colsurfb.2019.03.011
 Dong, K., Yan, Y., Wang, P., Shi, X., Zhang, L., Wang, K., et al. (2016). Biodegradable mixed MPEG-SS-2SA/TPGS micelles for triggered intracellular release of paclitaxel and reversing multidrug resistance. Int. J. Nanomed. 11, 5109–5123. doi:10.2147/IJN.S111930
 Doppalapudi, S., Jain, A., Domb, A. J., and Khan, W. (2016). Biodegradable polymers for targeted delivery of anti-cancer drugs. Expet Opin. Drug Deliv. 13, 891–909. doi:10.1517/17425247.2016.1156671
 D’Mello, S. R., Cruz, C. N., Chen, M.-L., Kapoor, M., Lee, S. L., and Tyner, K. M. (2017). The evolving landscape of drug products containing nanomaterials in the United States. Nat. Nanotechnol. 12, 523–529. doi:10.1038/nnano.2017.67
 Edelman, R., Assaraf, Y. G., Levitzky, I., Shahar, T., and Livney, Y. D. (2017). Hyaluronic acid-serum albumin conjugate-based nanoparticles for targeted cancer therapy. Oncotarget 8, 24337–24353. doi:10.18632/oncotarget.15363
 Elvira, C., Mano, J. F., San Roman, J., and Reis, R. L. (2002). Starch-based biodegradable hydrogels with potential biomedical applications as drug delivery systems. Biomaterials 23, 1955–1966. doi:10.1016/S0142-9612(01)00322-2
 Elzoghby, A., Freag, M., Mamdouh, H., and Elkhodairy, K. (2017). Zein-based nanocarriers as potential natural alternatives for drug and gene delivery: focus on cancer therapy. Curr. Pharmaceut. Des. 23, 5261–5271. doi:10.2174/1381612823666170622111250
 Eroglu, M. S., Oner, E. T., Mutlu, E. C., and Bostan, M. S. (2017). Sugar based biopolymers in nanomedicine; new emerging era for cancer imaging and therapy. Curr. Top. Med. Chem. 17, 1507–1520. doi:10.2174/1568026616666161222101703
 Fang, J.-Y. (2006). Nano- or submicron-sized liposomes as carriers for drug delivery. Chang Gung Med. J. 29, 358–362. doi:10.5599/obp.8.12
 Fang, Z., Wan, L.-Y., Chu, L.-Y., Zhang, Y.-Q., and Wu, J.-F. (2015). ‘Smart’nanoparticles as drug delivery systems for applications in tumor therapy. Expet Opin. Drug Deliv. 12, 1943–1953. doi:10.1517/17425247.2015.1071352
 Farshbaf, M., Davaran, S., Zarebkohan, A., Annabi, N., Akbarzadeh, A., and Salehi, R. (2018). Significant role of cationic polymers in drug delivery systems. Artif. Cells, Nanomedicine, Biotechnol. 46, 1872–1891. doi:10.1080/21691401.2017.1395344
 Fattahi Meyabadi, T., Dadashian, F., Mir Mohamad Sadeghi, G., and Ebrahimi Zanjani Asl, H. (2014). Spherical cellulose nanoparticles preparation from waste cotton using a green method. Powder Technol. 261, 232–240. doi:10.1016/j.powtec.2014.04.039
 Fessi, H., Puisieux, F., Devissaguet, J. P., Ammoury, N., and Benita, S. (1989). Nanocapsule formation by interfacial polymer deposition following solvent displacement. Int. J. Pharm. 55, R1. doi:10.1016/0378-5173(89)90281-0
 Fleige, E., Quadir, M. A., and Haag, R. (2012). Stimuli-responsive polymeric nanocarriers for the controlled transport of active compounds: concepts and applications. Adv. Drug Deliv. Rev. 64, 866–884. doi:10.1016/j.addr.2012.01.020
 Fonseca, A. C., Serra, A. C., and Coelho, J. F. J. (2015). Bioabsorbable polymers in cancer therapy: latest developments. EPMA J. 6, 22. doi:10.1186/s13167-015-0045-z
 Frazier, N., and Ghandehari, H. (2015). Hyperthermia approaches for enhanced delivery of nanomedicines to solid tumors. Biotechnol. Bioeng. 112, 1967–1983. doi:10.1002/bit.25653
 Frost, R., Langhammer, C., and Cedervall, T. (2017). Real-time in situ analysis of biocorona formation and evolution on silica nanoparticles in defined and complex biological environments. Nanoscale 9, 3620–3628. doi:10.1039/C6NR06399C
 Fu, Y., Liu, S., Yin, S., Niu, W., Xiong, W., Tan, M., et al. (2017). The reverse Warburg effect is likely to be an Achilles’ heel of cancer that can be exploited for cancer therapy. Oncotarget 8, 57813. doi:10.18632/oncotarget.18175
 Gadde, S., Even‐Or, O., Kamaly, N., Hasija, A., Gagnon, P. G., Adusumilli, K. H., et al. (2014). Development of therapeutic polymeric nanoparticles for the resolution of inflammation. Adv. Healthc. Mater. 3, 1448–1456. doi:10.1002/adhm.201300688
 Gagliardi, A., Bonacci, S., Paolino, D., Celia, C., Procopio, A., Fresta, M., et al. (2019). Paclitaxel-loaded sodium deoxycholate-stabilized zein nanoparticles: characterization and in vitro cytotoxicity. Heliyon. 5, e02422. doi:10.1016/j.heliyon.2019.e02422
 Gagliardi, A., Cosco, D., Udongo, B. P., Dini, L., Viglietto, G., and Paolino, D. (2020c). Design and characterization of glyceryl monooleate-nanostructures containing doxorubicin hydrochloride. Pharmaceutics 12, 1017. doi:10.3390/pharmaceutics12111017
 Gagliardi, A., Froiio, F., Salvatici, M. C., Paolino, D., Fresta, M., and Cosco, D. (2020a). Characterization and refinement of zein-based gels. Food Hydrocolloids 101, 105555. doi:10.1016/j.foodhyd.2019.105555
 Gagliardi, A., Paolino, D., Costa, N., Fresta, M., and Cosco, D. (2021). Zein-vs PLGA-based nanoparticles containing rutin: a comparative investigation. Mater. Sci. Eng. C . 118, 111538. doi:10.1016/j.msec.2020.111538
 Gagliardi, A., Paolino, D., Iannone, M., Palma, E., Fresta, M., and Cosco, D. (2018). Sodium deoxycholate-decorated zein nanoparticles for a stable colloidal drug delivery system. Int. J. Nanomed. 13, 601–614. doi:10.2147/IJN.S156930
 Gagliardi, A., Voci, S., Paolino, D., Fresta, M., and Cosco, D. (2020b). Influence of various model compounds on the rheological properties of Zein-based gels. Molecules 25, 3174. doi:10.3390/molecules25143174
 Gálisová, A., Jirátová, M., Rabyk, M., Sticová, E., Hájek, M., Hrubý, M., et al. (2020). Glycogen as an advantageous polymer carrier in cancer theranostics: straightforward in vivo evidence. Sci. Rep. 10, 10411. doi:10.1038/s41598-020-67277-y
 Garay, R. P., El-Gewely, R., Armstrong, J. K., Garratty, G., and Richette, P. (2012). Antibodies against polyethylene glycol in healthy subjects and in patients treated with PEG-conjugated agents. Expet Opin. Drug Deliv. 9, 1319–1323. doi:10.1517/17425247.2012.720969
 Geller, J. I., Wall, D., Perentesis, J., Blaney, S. M., and Bernstein, M. (2009). Phase I study of paclitaxel with standard dose ifosfamide in children with refractory solid tumors: a Pediatric Oncology Group study (POG 9376). Pediatr. Blood Canc. 52, 346–350. doi:10.1002/pbc.21820
 Gentile, P., Chiono, V., Carmagnola, I., and Hatton, P. V. (2014). An overview of poly(lactic-co-glycolic) acid (PLGA)-based biomaterials for bone tissue engineering. Int. J. Mol. Sci. 15, 3640–3659. doi:10.3390/ijms15033640
 George, A., Shah, P. A., and Shrivastav, P. S. (2019). Natural biodegradable polymers based nano-formulations for drug delivery: a review. Int. J. Pharm. 561, 244–264. doi:10.1016/J.IJPHARM.2019.03.011
 George, B., and Suchithra, T. V. (2019). Plant-derived bioadhesives for wound dressing and drug delivery system. Fitoterapia . 137, 104241. doi:10.1016/j.fitote.2019.104241
 Gioria, S., Caputo, F., Urbán, P., Maguire, C. M., Bremer-Hoffmann, S., Prina-Mello, A., et al. (2018). Are existing standard methods suitable for the evaluation of nanomedicines: some case studies. Nanomedicine 13, 539–554. doi:10.2217/nnm-2017-0338
 Giuliano, E., Paolino, D., Cristiano, M. C., Fresta, M., and Cosco, D. (2020). Rutin-loaded poloxamer 407-based hydrogels for in situ administration: stability profiles and rheological properties. Nanomaterials 10, 1069. doi:10.3390/nano10061069
 Giuliano, E., Paolino, D., Fresta, M., and Cosco, D. (2019). Drug-loaded biocompatible nanocarriers embedded in poloxamer 407 hydrogels as therapeutic formulations. Medicines 6, 7. doi:10.3390/medicines6010007
 Giuliano, E., Paolino, D., Fresta, M., and Cosco, D. (2018). Mucosal applications of poloxamer 407-based hydrogels: an overview. Pharmaceutics 10, 159. doi:10.3390/pharmaceutics10030159
 Goodall, S., Jones, M. L., and Mahler, S. (2015). Monoclonal antibody‐targeted polymeric nanoparticles for cancer therapy–future prospects. J. Chem. Technol. Biotechnol. 90, 1169–1176. doi:10.1002/jctb.4555
 Gradishar, W. J., Tjulandin, S., Davidson, N., Shaw, H., Desai, N., Bhar, P., et al. (2005). Phase III trial of nanoparticle albumin-bound paclitaxel compared with polyethylated castor oil–based paclitaxel in women with breast cancer. J. Clin. Oncol. 23, 7794–7803. doi:10.1200/JCO.2005.04.937
 Gref, R., Lück, M., Quellec, P., Marchand, M., Dellacherie, E., Harnisch, S., et al. (2000). “Stealth” corona-core nanoparticles surface modified by polyethylene glycol (PEG): influences of the corona (PEG chain length and surface density) and of the core composition on phagocytic uptake and plasma protein adsorption. Colloids Surf. B Biointerfaces 18, 301–313. doi:10.1016/s0927-7765(99)00156-3
 Gref, R., Minamitake, Y., Peracchia, M. T., Trubetskoy, V., Torchilin, V., and Langer, R. (1994). Biodegradable long-circulating polymeric nanospheres. Science 263, 1600–1603. doi:10.1126/science.8128245
 Gulati, N. M., Stewart, P. L., and Steinmetz, N. F. (2018). Bioinspired shielding strategies for nanoparticle drug delivery applications. Mol. Pharm. 15, 2900–2909. doi:10.1021/acs.molpharmaceut.8b00292
 Guo, S., Wang, X., Dai, Y., Dai, X., Li, Z., Luo, Q., et al. (2020). Enhancing the efficacy of metal‐free MRI contrast agents via conjugating nitroxides onto PEGylated cross‐linked poly (carboxylate ester). Adv. Sci. 14, 23–27. doi:10.1002/advs.202000467
 Guo, W., Quan, P., Fang, L., Cun, D., and Yang, M. (2015). Sustained release donepezil loaded PLGA microspheres for injection: preparation, in vitro and in vivo study. Asian J. Pharm. Sci. 10, 405–414. doi:10.1016/j.ajps.2015.06.001
 Guo, X., Wang, L., Wei, X., and Zhou, S. (2016). Polymer-based drug delivery systems for cancer treatment. J. Polym. Sci. Part A Polym. Chem. 54, 3525–3550. doi:10.1002/pola.28252
 Guo, Y., Luo, J., Tan, S., Otieno, B. O., and Zhang, Z. (2013). The applications of Vitamin E TPGS in drug delivery. Eur. J. Pharmaceut. Sci. 49, 175–186. doi:10.1016/j.ejps.2013.02.006
 Haigentz, M., Moore, P. C., Ratner, L., Henry, D. H., Rubinstein, P. G., Ramos, J. C., et al. (2017). Tolerability of paclitaxel/carboplatin (PCb) in solid tumor patients (pts) infected with HIV. J. Clin. Oncol. 35, e14077. doi:10.1200/JCO.2017.35.15_suppl.e14077
 Halamoda-Kenzaoui, B., Holzwarth, U., Roebben, G., Bogni, A., and Bremer-Hoffmann, S. (2019). Mapping of the available standards against the regulatory needs for nanomedicines. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 11, e1531. doi:10.1002/wnan.1531
 Halib, N., Perrone, F., Cemazar, M., Dapas, B., Farra, R., Abrami, M., et al. (2017). Potential applications of nanocellulose-containing materials in the biomedical field. Materials 10, 113. doi:10.3390/ma10080977
 Heinz, H., Pramanik, C., Heinz, O., Ding, Y., Mishra, R. K., Marchon, D., et al. (2017). Nanoparticle decoration with surfactants: molecular interactions, assembly, and applications. Surf. Sci. Rep. 14, 33–39. doi:10.1016/j.surfrep.2017.02.001
 Hoang Thi, T. T., Pilkington, E. H., Nguyen, D. H., Lee, J. S., Park, K. D., and Truong, N. P. (2020). The importance of poly(ethylene glycol) alternatives for overcoming PEG immunogenicity in drug delivery and bioconjugation. Polymers 12, 24–47. doi:10.3390/polym12020298
 Hoogenboezem, E. N., and Duvall, C. L. (2018). Harnessing albumin as a carrier for cancer therapies. Adv. Drug Deliv. Rev. 130, 73–89. doi:10.1016/j.addr.2018.07.011
 Hrkach, J., Von Hoff, D., Ali, M. M., Andrianova, E., Auer, J., Campbell, T., et al. (2012). Preclinical development and clinical translation of a PSMA-targeted docetaxel nanoparticle with a differentiated pharmacological profile. Sci. Transl. Med. 4, 128ra39. doi:10.1126/scitranslmed.3003651
 Hu, J., Sheng, Y., Shi, J., Yu, B., Yu, Z., and Liao, G. (2018). Long circulating polymeric nanoparticles for gene/drug delivery. Curr. Drug Metabol. 19, 723–738. doi:10.2174/1389200219666171207120643
 Hu, Q., Rijcken, C. J., Bansal, R., Hennink, W. E., Storm, G., and Prakash, J. (2015). Complete regression of breast tumour with a single dose of docetaxel-entrapped core-cross-linked polymeric micelles. Biomaterials 53, 370–378. doi:10.1016/j.biomaterials.2015.02.085
 Huh, M. S., Lee, E. J., Koo, H., Yhee, J. Y., Oh, K. S., Son, S., et al. (2017). Polysaccharide-based nanoparticles for gene delivery. Top. Curr. Chem. 375, 31. doi:10.1007/s41061-017-0114-y
 Iannone, M., Mare, R., Paolino, D., Gagliardi, A., Froiio, F., Cosco, D., et al. (2017). Characterization and in vitro anticancer properties of chitosan-microencapsulated flavan-3-ols-rich grape seed extracts. Int. J. Biol. Macromol. 104, 1039–1045. doi:10.1016/j.ijbiomac.2017.07.022
 Ibrahim, N. K., Desai, N., Legha, S., Soon-Shiong, P., Theriault, R. L., Rivera, E., et al. (2002). Phase I and pharmacokinetic study of ABI-007, a Cremophor-free, protein-stabilized, nanoparticle formulation of paclitaxel. Clin. cancer Res. an Off. J. Am. Assoc. Cancer Res. 8, 1038–1044. doi:10.1016/s1359-6349(04)80547-0
 Iravani, S., and Varma, R. S. (2019). Plants and plant-based polymers as scaffolds for tissue engineering. Green Chem. 21, 4839–4867. doi:10.1039/C9GC02391G
 Islam, M. A., Barua, S., and Barua, D. (2017). A multiscale modeling study of particle size effects on the tissue penetration efficacy of drug-delivery nanoparticles. BMC Syst. Biol. 11, 113. doi:10.1186/s12918-017-0491-4
 Jaimes-Aguirre, L., Gibbens-Bandala, B. V., Morales-Avila, E., Ocampo-Garcia, B. E., Seyedeh-Fatemeh, M., and Amirhosein, A. (2016). Polymer-based drug delivery systems, development and pre-clinical status. Curr. Pharmaceut. Des. 22, 2886–2903. doi:10.2174/1381612822666160217125028
 Jain, R. K. (2013). Normalizing tumor microenvironment to treat cancer: bench to bedside to biomarkers. J. Clin. Oncol. 31, 2205. doi:10.1200/JCO.2012.46.3653
 Jászai, J., and Schmidt, M. H. H. (2019). Trends and challenges in tumor anti-angiogenic therapies. Cells 8, 1102. doi:10.3390/cells8091102
 Jayaram, D. T., Runa, S., Kemp, M. L., and Payne, C. K. (2017). Nanoparticle-induced oxidation of corona proteins initiates an oxidative stress response in cells. Nanoscale 9, 7595–7601. doi:10.1039/c6nr09500c
 Jhaveri, A., Deshpande, P., and Torchilin, V. (2014). Stimuli-sensitive nanopreparations for combination cancer therapy. J. Contr. Release 190, 352–370. doi:10.1016/j.jconrel.2014.05.002
 Jing, X., Yang, F., Shao, C., Wei, K., Xie, M., Shen, H., et al. (2019). Role of hypoxia in cancer therapy by regulating the tumor microenvironment. Mol. Canc. 18, 157. doi:10.1186/s12943-019-1089-9
 Joerger, M., Huitema, A. D. R., Richel, D. J., Dittrich, C., Pavlidis, N., Briasoulis, E., et al. (2007). Population pharmacokinetics and pharmacodynamics of paclitaxel and carboplatin in ovarian cancer patients: a study by the European organization for research and treatment of cancer-pharmacology and molecular mechanisms group and new drug development grou. Clin. cancer Res. an Off. J. Am. Assoc. Cancer Res. 13, 6410–6418. doi:10.1158/1078-0432.CCR-07-0064
 Joglekar, M., and Trewyn, B. G. (2013). Polymer‐based stimuli‐responsive nanosystems for biomedical applications. Biotechnol. J. 8, 931–945. doi:10.1002/biot.201300073
 Joye, I. J., and McClements, D. J. (2014). Biopolymer-based nanoparticles and microparticles: fabrication, characterization, and application. Curr. Opin. Colloid Interface Sci. 19, 417–427. doi:10.1016/j.cocis.2014.07.002
 Kabanov, A. V., Batrakova, E. V., and Miller, D. W. (2003). Pluronic® block copolymers as modulators of drug efflux transporter activity in the blood–brain barrier. Adv. Drug Deliv. Rev. 55, 151–164. doi:10.1016/S0169-409X(02)00176-X
 Kafshdooz, T., Kafshdooz, L., Akbarzadeh, A., Hanifehpour, Y., and Joo, S. W. (2016). Applications of nanoparticle systems in gene delivery and gene therapy. Artif. Cells, Nanomedicine, Biotechnol. 44, 581–587. doi:10.3109/21691401.2014.971805
 Kalani, M., and Yunus, R. (2012). Effect of supercritical fluid density on nanoencapsulated drug particle size using the supercritical antisolvent method. Int. J. Nanomed. 7, 2165. doi:10.2147/IJN.S29805
 Kamaly, N., Yameen, B., Wu, J., and Farokhzad, O. C. (2016). Degradable controlled-release polymers and polymeric nanoparticles: mechanisms of controlling drug release. Chem. Rev. 116, 2602–2663. doi:10.1021/acs.chemrev.5b00346
 Karimi, M., Bahrami, S., Ravari, S. B., Zangabad, P. S., Mirshekari, H., Bozorgomid, M., et al. (2016). Albumin nanostructures as advanced drug delivery systems. Expet Opin. Drug Deliv. 13, 1609–1623. doi:10.1080/17425247.2016.1193149
 Karlsson, J., Vaughan, H. J., and Green, J. J. (2018). Biodegradable polymeric nanoparticles for therapeutic cancer treatments. Annu. Rev. Chem. Biomol. Eng. 9, 105–127. doi:10.1146/annurev-chembioeng-060817-084055
 Kaur, K., Dattajirao, V., Shrivastava, V., and Bhardwaj, U. (2012). Isolation and characterization of chitosan-producing bacteria from beaches of Chennai, India. Enzym. Res. 14, 421683. doi:10.1155/2012/421683
 Khaliq, N. U., Park, D. Y., Yun, B. M., Yang, D. H., Jung, Y. W., Seo, J. H., et al. (2019). Pluronics: intelligent building units for targeted cancer therapy and molecular imaging. Int. J. Pharm. 556, 30–44. doi:10.1016/j.ijpharm.2018.11.064
 Khan, I., Saeed, K., and Khan, I. (2019). Nanoparticles: properties, applications and toxicities. ArabJ. Chem. 12, 908–931. doi:10.1016/J.ARABJC.2017.05.011
 Khawar, I. A., Kim, J. H., and Kuh, H.-J. (2015). Improving drug delivery to solid tumors: priming the tumor microenvironment. J. Contr. Release 201, 78–89. doi:10.1016/j.jconrel.2014.12.018
 Kianfar, F., Antonijevic, M., Chowdhry, B., and Boateng, J. S. (2013). Lyophilized wafers comprising carrageenan and pluronic acid for buccal drug delivery using model soluble and insoluble drugs. Colloids Surf. B Biointerfaces 103, 99–106. doi:10.1016/j.colsurfb.2012.10.006
 Kim, H. H., Joo, H., Kim, T.-H., Kim, E.-Y., Park, S.-J., Park, J.-K., et al. (2009). The mitochondrial Warburg effect: a cancer enigma. Interdiscipl. Bio Cent. 1, 1–7. doi:10.4051/ibc.2009.2.0007
 Klibanov, A. L., Maruyama, K., Torchilin, V. P., and Huang, L. (1990). Amphipathic polyethyleneglycols effectively prolong the circulation time of liposomes. FEBS Lett. 268, 235–237. doi:10.1016/0014-5793(90)81016-h
 Kokkinopoulou, M., Simon, J., Landfester, K., Mailänder, V., and Lieberwirth, I. (2017). Visualization of the protein corona: towards a biomolecular understanding of nanoparticle-cell-interactions. Nanoscale 9, 8858–8870. doi:10.1039/C7NR02977B
 Komarov, P. G., Shtil, A. A., Buckingham, L. E., Balasubramanian, M., Piraner, O., Martin Emanuele, R., et al. (1996). Inhibition of cytarabine-induced MDR1 (P-glycoprotein) gene activation in human tumor cells by fatty acid-polyethylene glycol-fatty acid diesters, novel inhibitors of P-glycoprotein function. Int. J. Canc. 68, 245–250. doi:10.1002/(SICI)1097-0215(19961009)68:2<245::AID-IJC18>3.0.CO;2-9
 Korde, J. M., and Kandasubramanian, B. (2020). Microbiologically extracted poly(hydroxyalkanoates) and its amalgams as therapeutic nano-carriers in anti-tumor therapies. Mater. Sci. Eng. C. 111, 110799. doi:10.1016/j.msec.2020.110799
 Kreuter, J. (2014). Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?Adv. Drug Deliv. Rev. 71, 2–14. doi:10.1016/j.addr.2013.08.008
 Kumari, P., Ghosh, B., and Biswas, S. (2016). Nanocarriers for cancer-targeted drug delivery. J. Drug Target. 24, 179–191. doi:10.3109/1061186X.2015.1051049
 Lai, C. L., Wu, P. C., Chan, G. C., Lok, A. S., and Lin, H. J. (1988). Doxorubicin versus no antitumor therapy in inoperable hepatocellular carcinoma. A prospective randomized trial. Cancer 62, 479–483. doi:10.1002/1097-0142(19880801)62:3<479::aid-cncr2820620306>3.0.co;2-l
 Lai, W.-F., and Wong, W.-T. (2018). Design of polymeric gene carriers for effective intracellular delivery. Trends Biotechnol. 36, 713–728. doi:10.1016/j.tibtech.2018.02.006
 Langer, R., and Folkman, J. (1976). Polymers for the sustained release of proteins and other macromolecules. Nature 263, 797–800. doi:10.1038/263797a0
 Lee, B. K., Yun, Y., and Park, K. (2016). PLA micro- and nano-particles. Adv. Drug Deliv. Rev. 107, 176–191. doi:10.1016/j.addr.2016.05.020
 Lee, E. S., Na, K., and Bae, Y. H. (2003). Polymeric micelle for tumor pH and folate-mediated targeting. J. Contr. Release 91, 103–113. doi:10.1016/s0168-3659(03)00239-6
 Lee, S. Y., Kang, M. S., Jeong, W. Y., Han, D.-W., and Kim, K. S. (2020). Hyaluronic acid-based theranostic nanomedicines for targeted cancer therapy. Cancers 12, 940. doi:10.3390/cancers12040940
 Lee, Y. K., Choi, E.-J., Webster, T. J., Kim, S.-H., and Khang, D. (2015). Effect of the protein corona on nanoparticles for modulating cytotoxicity and immunotoxicity. Int. J. Nanomed. 10, 97–113. doi:10.2147/IJN.S72998
 Li, Y., Gao, G. H., and Lee, D. S., 2013. Stimulus-sensitive polymeric nanoparticles and their applications as drug and gene carriers. Adv Health Mater . 2, 388–417. doi:10.1002/adhm.201200313
 Li, Y., Wu, M., Zhang, N., Tang, C., Jiang, P., Liu, X., et al. (2018). Mechanisms of enhanced antiglioma efficacy of polysorbate 80-modified paclitaxel-loaded PLGA nanoparticles by focused ultrasound. J. Cell Mol. Med. 11, 27. doi:10.1111/jcmm.13695
 Li, Z., and Loh, X. J. (2017). Recent advances of using polyhydroxyalkanoate-based nanovehicles as therapeutic delivery carriers. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 9, 1429. doi:10.1002/wnan.1429
 Lim, E.-K., Chung, B. H., and Chung, S. J. (2018). Recent advances in pH-sensitive polymeric nanoparticles for smart drug delivery in cancer therapy. Curr. Drug Targets 19, 300–317. doi:10.2174/1389450117666160602202339
 Lima, T., Bernfur, K., Vilanova, M., and Cedervall, T. (2020). Understanding the lipid and protein corona formation on different sized polymeric nanoparticles. Sci. Rep. 10, 1129. doi:10.1038/s41598-020-57943-6
 Ling, D., Park, W., Park, S.-J., Lu, Y., Kim, K. S., Hackett, M. J., et al. (2014). Multifunctional tumor pH-sensitive self-assembled nanoparticles for bimodal imaging and treatment of resistant heterogeneous tumors. J. Am. Chem. Soc. 136, 5647–5655. doi:10.1021/ja4108287
 Liu, G., Gao, N., Zhou, Y., Nie, J., Cheng, W., Luo, M., et al. (2019). Polydopamine-based “four-in-one” versatile nanoplatforms for targeted dual chemo and photothermal synergistic cancer therapy. Pharmaceutics 11, 507. doi:10.3390/pharmaceutics11100507
 Livney, Y. D., and Assaraf, Y. G. (2013). Rationally designed nanovehicles to overcome cancer chemoresistance. Adv. Drug Deliv. Rev. 65, 1716–1730. doi:10.1016/j.addr.2013.08.006
 Llamas, I., Moral, A. del., Martínez-Checa, F., Arco, Y., Arias, S., and Quesada, E. (2006). Halomonas maura is a physiologically versatile bacterium of both ecological and biotechnological interest. Antonie Leeuwenhoek 89, 395–403. doi:10.1007/s10482-005-9043-9
 Llovet, J. M., Real, M. I., Montaña, X., Planas, R., Coll, S., Aponte, J., et al. (2002). Arterial embolisation or chemoembolisation versus symptomatic treatment in patients with unresectable hepatocellular carcinoma: a randomised controlled trial. Lancet (London, England) . 359, 1734–1739. doi:10.1016/S0140-6736(02)08649-X
 Lo, Y. (2003). Relationships between the hydrophilic–lipophilic balance values of pharmaceutical excipients and their multidrug resistance modulating effect in Caco-2 cells and rat intestines. J. Contr. Release 90, 37–48. doi:10.1016/S0168-3659(03)00163-9
 Lokeshwar, V. B., Mirza, S., and Jordan, A. (2014). Targeting hyaluronic acid family for cancer chemoprevention and therapy. Adv. Canc. Res. 123, 35–65. doi:10.1016/B978-0-12-800092-2.00002-2
 Lombardo, G. E., Maggisano, V., Celano, M., Cosco, D., Mignogna, C., Baldan, F., et al. (2018). Anti-htert sirna-loaded nanoparticles block the growth of anaplastic thyroid cancer xenograft. Mol. Canc. Therapeut. 17, 1187–1195. doi:10.1158/1535-7163.MCT-17-0559
 Lu, K.-Y., Li, R., Hsu, C.-H., Lin, C.-W., Chou, S.-C., Tsai, M.-L., et al. (2017). Development of a new type of multifunctional fucoidan-based nanoparticles for anticancer drug delivery. Carbohydr. Polym. 165, 410–420. doi:10.1016/j.carbpol.2017.02.065
 Lyman, G. H., Lyman, C. H., and Agboola, O. (2005). Risk models for predicting chemotherapy-induced neutropenia. Oncol. 10, 427–437. doi:10.1634/theoncologist.10-6-427
 Lynn, D. M., Amiji, M. M., and Langer, R. (2001). pH‐responsive polymer microspheres: rapid release of encapsulated material within the range of intracellular pH. Angew. Chem. Int. Ed. 40, 1707–1710. doi:10.1002/1521-3773(20010504)40:9<1707::AID-ANIE17070>3.0.CO;2-F
 Madkour, M., Bumajdad, A., and Al-Sagheer, F. (2019). To what extent do polymeric stabilizers affect nanoparticles characteristics?Adv. Colloid Interface Sci. 11, 121–136. doi:10.1016/j.cis.2019.05.004
 Maeda, H. (2015). Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its heterogeneity. Adv. Drug Deliv. Rev. 91, 3–6. doi:10.1016/j.addr.2015.01.002
 Magadala, P., and Amiji, M. (2008). Epidermal growth factor receptor-targeted gelatin-based engineered nanocarriers for DNA delivery and transfection in human pancreatic cancer cells. AAPS J. 10, 565. doi:10.1208/s12248-008-9065-0
 Maggisano, V., Celano, M., Malivindi, R., Barone, I., Cosco, D., Mio, C., et al. (2020). Nanoparticles loaded with the BET inhibitor JQ1 block the growth of triple negative breast cancer cells in vitro and in vivo. Cancers 12, 91. doi:10.3390/cancers12010091
 Maity, S., and Chakraborti, A. S. (2020). Formulation, physico-chemical characterization and antidiabetic potential of naringenin-loaded poly D, L lactide-co-glycolide (N-PLGA) nanoparticles. Eur. Polym. J. 134, 109818. doi:10.1016/j.eurpolymj.2020.109818
 Maksimenko, O., Malinovskaya, J., Shipulo, E., Osipova, N., Razzhivina, V., Arantseva, D., et al. (2019). Doxorubicin-loaded PLGA nanoparticles for the chemotherapy of glioblastoma: towards the pharmaceutical development. Int. J. Pharm. 572, 118733. doi:10.1016/j.ijpharm.2019.118733
 Manivasagan, P., Bharathiraja, S., Moorthy, M. S., Oh, Y.-O., Seo, H., and Oh, J. (2017). Marine biopolymer-based nanomaterials as a novel platform for theranostic applications. Polym. Rev. 57, 631–667. doi:10.1080/15583724.2017.1311914
 Mansoori, B., Mohammadi, A., Davudian, S., Shirjang, S., and Baradaran, B. (2017). The different mechanisms of cancer drug resistance: a brief review. Adv. Pharmaceut. Bull. 7, 339. doi:10.15171/apb.2017.041
 Mao, S. (2020). Active tumor penetration. Science 367, 638–639. doi:10.1126/science.367.6478.638-c
 Martinez-Outschoorn, U. E., Peiris-Pagés, M., Pestell, R. G., Sotgia, F., and Lisanti, M. P. (2017). Cancer metabolism: a therapeutic perspective. Nat. Rev. Clin. Oncol. 14, 11–31. doi:10.1038/nrclinonc.2016.60
 Masood, F. (2016). Polymeric nanoparticles for targeted drug delivery system for cancer therapy. Mater. Sci. Eng. C . 60, 569–578. doi:10.1016/j.msec.2015.11.067
 Mendoza-Muñoz, N., Quintanar-Guerrero, D., and Allémann, E. (2012). The impact of the salting-out technique on the preparation of colloidal particulate systems for pharmaceutical applications. Recent Pat. Drug Deliv. Formulation 6, 236–249. doi:10.2174/187221112802652688
 Merle, P., Camus, P., Abergel, A., Pageaux, G. P., Masliah, C., Bronowicki, J. P., et al. (2017). Safety and efficacy of intra-arterial hepatic chemotherapy with doxorubicin-loaded nanoparticles in hepatocellular carcinoma. ESMO open 2, e000238. doi:10.1136/esmoopen-2017-000238
 Middleton, J. C., and Tipton, A. I. (1998). Synthetic biodegradable polymers as medical devices. Med. Plast. Biomater. 5, 30–39. 
 Minko, T., Batrakova, E. V., Li, S., Li, Y., Pakunlu, R. I., Alakhov, V. Y., et al. (2005). Pluronic block copolymers alter apoptotic signal transduction of doxorubicin in drug-resistant cancer cells. J. Contr. Release. 105, 269–278. doi:10.1016/j.jconrel.2005.03.019
 Mir, M., Ahmed, N., and Rehman, A. (2017). Recent applications of PLGA based nanostructures in drug delivery. Colloids Surf. B Biointerfaces 159, 217–231. doi:10.1016/j.colsurfb.2017.07.038ur
 Mittal, P., Vardhan, H., Ajmal, G., Bonde, G. V., Kapoor, R., Mittal, A., et al. (2019). Formulation, optimization, hemocompatibility and pharmacokinetic evaluation of PLGA nanoparticles containing paclitaxel. Drug Dev. Ind. Pharm. 45, 365–378. doi:10.1080/03639045.2018.1542706
 Mo, S., Shao, X., Chen, Y., and Cheng, Z. (2016). Increasing entropy for colloidal stabilization. Sci. Rep. 6, 36836. doi:10.1038/srep36836
 Mogoşanu, G. D., Grumezescu, A. M., Bejenaru, C., and Bejenaru, L. E. (2016). Polymeric protective agents for nanoparticles in drug delivery and targeting. Int. J. Pharm. 510, 419–429. doi:10.1016/j.ijpharm.2016.03.014
 Molavi, F., Barzegar-Jalali, M., and Hamishehkar, H. (2020). Polyester based polymeric nano and microparticles for pharmaceutical purposes: a review on formulation approaches. J. Contr. Release 320, 265–282. doi:10.1016/j.jconrel.2020.01.028
 Molavipordanjani, S., and Hosseinimehr, S. J. (2019). Strategies for conjugation of biomolecules to nanoparticles as tumor targeting agents. Curr. Pharmaceut. Des. 25, 3917–3926. doi:10.2174/1381612825666190903154847
 Morozova, T. I., Lee, V. E., Panagiotopoulos, A. Z., Prud’Homme, R. K., Priestley, R. D., and Nikoubashman, A. (2019). On the stability of polymeric nanoparticles fabricated through rapid solvent mixing. Langmuir. 35, 709–717. doi:10.1021/acs.langmuir.8b03399
 Mosqueira, V. C., Legrand, P., Gref, R., Heurtault, B., Appel, M., and Barratt, G. (1999). Interactions between a macrophage cell line (J774A1) and surface-modified poly(D,L-lactide) nanocapsules bearing poly(ethylene glycol). J. Drug Target. 7, 65–78. doi:10.3109/10611869909085493
 Mozar, F. S., and Chowdhury, E. H. (2018). Impact of PEGylated nanoparticles on tumor targeted drug delivery. Curr. Pharmaceut. Des. 24, 3283–3296. doi:10.2174/1381612824666180730161721
 Mukherjee, B., Satapathy, B. S., Mondal, L., Dey, N. S., and Maji, R. (2013). Potentials and challenges of active targeting at the tumor cells by engineered polymeric nanoparticles. Curr. Pharmaceut. Biotechnol. 14, 1250–1263. doi:10.2174/1389201015666140608143235
 Neagu, M., Piperigkou, Z., Karamanou, K., Engin, A. B., Docea, A. O., Constantin, C., et al. (2017). Protein bio-corona: critical issue in immune nanotoxicology. Arch. Toxicol. 91, 1031–1048. doi:10.1007/s00204-016-1797-5
 Nel, A. E., Mädler, L., Velegol, D., Xia, T., Hoek, E. M. V., Somasundaran, P., et al. (2009). Understanding biophysicochemical interactions at the nano-bio interface. Nat. Mater. 8, 543–557. doi:10.1038/nmat2442
 Nicolas, J., and Couvreur, P. (2009). Synthesis of poly (alkyl cyanoacrylate)‐based colloidal nanomedicines. Wiley Interdiscip. Rev. Nanomedicine Nanobiotechnology 1, 111–127. doi:10.1002/wnan.15
 Nicoletti, M. I., Lucchini, V., Massazza, G., Abbott, B. J., D’Incalci, M., and Giavazzi, R. (1993). Antitumor activity of taxol (NSC-125973) in human ovarian carcinomas growing in the peritoneal cavity of nude mice. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 4, 151–155. doi:10.1093/oxfordjournals.annonc.a058419
 Oerlemans, C., Bult, W., Bos, M., Storm, G., Nijsen, J. F. W., and Hennink, W. E. (2010). Polymeric micelles in anticancer therapy: targeting, imaging and triggered release. Pharm. Res. (N. Y.). 27, 2569–2589. doi:10.1007/s11095-010-0233-4
 Owens, D. E., and Peppas, N. A. (2006). Opsonization, biodistribution, and pharmacokinetics of polymeric nanoparticles. Int. J. Pharm. 307, 93–102. doi:10.1016/j.ijpharm.2005.10.010
 Ozeki, T., and Tagami, T. (2014). Drug/polymer nanoparticles prepared using unique spray nozzles and recent progress of inhaled formulation. Asian J. Pharm. Sci. 9, 236–243. doi:10.1016/j.ajps.2014.06.005
 Pagels, R. F., and Prud’homme, R. K. (2015). Polymeric nanoparticles and microparticles for the delivery of peptides, biologics, and soluble therapeutics. J. Contr. Release 219, 519–535. doi:10.1016/j.jconrel.2015.09.001
 Palma, E., Pasqua, A., Gagliardi, A., Britti, D., Fresta, M., and Cosco, D. (2018). Antileishmanial activity of amphotericin B-loaded-PLGA nanoparticles: an overview. Materials 11, E1167. doi:10.3390/ma11071167
 Pan, D., Zheng, X., Zhang, Q., Li, Z., Duan, Z., Zheng, W., et al. (2020). Dendronized‐polymer disturbing cells’ stress protection by targeting metabolism leads to tumor vulnerability. Adv. Mater. 32, 1907490. doi:10.1002/adma.201907490
 Paolino, D., Cosco, D., Celano, M., Moretti, S., Puxeddu, E., Russo, D., et al. (2013). Gemcitabine-loaded biocompatible nanocapsules for the effective treatment of human cancer. Nanomedicine 8, 193–201. doi:10.2217/nnm.12.101
 Pasut, G., Paolino, D., Celia, C., Mero, A., Joseph, A. S., Wolfram, J., et al. (2015). Polyethylene glycol (PEG)-dendron phospholipids as innovative constructs for the preparation of super stealth liposomes for anticancer therapy. J. Contr. Release. 199, 106–113. doi:10.1016/j.jconrel.2014.12.008
 Peng, Y., Nie, J., Cheng, W., Liu, G., Zhu, D., Zhang, L., et al. (2018). A multifunctional nanoplatform for cancer chemo-photothermal synergistic therapy and overcoming multidrug resistance. Biomater. Sci. 6, 1084–1098. doi:10.1039/C7BM01206C
 Pérez-Herrero, E., and Fernández-Medarde, A. (2015). Advanced targeted therapies in cancer: drug nanocarriers, the future of chemotherapy. Eur. J. Pharm. Biopharm. 93, 52–79. doi:10.1016/j.ejpb.2015.03.018
 Perrault, S. D., and Chan, W. C. W. (2009). Synthesis and surface modification of highly monodispersed, spherical gold nanoparticles of 50−200 nm. J. Am. Chem. Soc. 131, 17042–17043. doi:10.1021/ja907069u
 Qin, Y., Guo, Q., Wu, S., Huang, C., Zhang, Z., Zhang, L., et al. (2020). LHRH/TAT dual peptides-conjugated polymeric vesicles for PTT enhanced chemotherapy to overcome hepatocellular carcinoma. Chin. Chem. Lett. 31, 3121–3126. doi:10.1016/j.cclet.2020.06.023
 Rafiei, P., and Haddadi, A. (2017). Pharmacokinetic consequences of PLGA nanoparticles in docetaxel drug delivery. Pharm. Nanotechnol. 5, 3–23. doi:10.2174/2211738505666161230110108
 Rahman, M., and Hasan, M. R. (2019). “ ed Synthetic biopolymers,” ed in functional biopolymers ed . Editors M. A. Jafar Mazumder, H. Sheardown, and A. Al-Ahmed (Cham: Springer International Publishing), 1–43. doi:10.1007/978-3-319-95990-0_1
 Raj, S., Khurana, S., Choudhari, R., Kesari, K. K., Kamal, M. A., Garg, N., et al. (2019). Specific targeting cancer cells with nanoparticles and drug delivery in cancer therapy. Semin. Canc. Biol. 17, 48. doi:10.1016/j.semcancer.2019.11.002
 Rajasekaran, A. K., Anilkumar, G., and Christiansen, J. J. (2005). Is prostate-specific membrane antigen a multifunctional protein?Am. J. Physiol. Cell Physiol. 288, C975–C981. doi:10.1152/ajpcell.00506.2004
 Raveendran, S., Palaninathan, V., Nagaoka, Y., Fukuda, T., Iwai, S., Higashi, T., et al. (2015). Extremophilic polysaccharide nanoparticles for cancer nanotherapy and evaluation of antioxidant properties. Int. J. Biol. Macromol. 76, 310–319. doi:10.1016/j.ijbiomac.2015.03.001
 Raveendran, S., Poulose, A. C., Yoshida, Y., Maekawa, T., and Kumar, D. S. (2013). Bacterial exopolysaccharide based nanoparticles for sustained drug delivery, cancer chemotherapy and bioimaging. Carbohydr. Polym. 91, 22–32. doi:10.1016/j.carbpol.2012.07.079
 Ravivarapu, H., Mahalingam, R., and Jasti, B. R. (2006). Biodegradable polymeric delivery systems. Des. Control. Release Drug Deliv. Syst. 12, 271–303. doi:10.1201/9780849348129-9
 Rege, B. D., Kao, J. P. Y., and Polli, J. E. (2002). Effects of nonionic surfactants on membrane transporters in Caco-2 cell monolayers. Eur. J. Pharmaceut. Sci. 16, 237–246. doi:10.1016/S0928-0987(02)00055-6
 Rho, J. G., Han, H. S., Han, J. H., Lee, H., Nguyen, V. Q., Lee, W. H., et al. (2018). Self-assembled hyaluronic acid nanoparticles: implications as a nanomedicine for treatment of type 2 diabetes. J. Contr. Release 279, 89–98. doi:10.1016/j.jconrel.2018.04.006
 Rivas, C. J. M., Tarhini, M., Badri, W., Miladi, K., Greige-Gerges, H., Nazari, Q. A., et al. (2017). Nanoprecipitation process: from encapsulation to drug delivery. Int. J. Pharm. 532, 66–81. doi:10.1016/j.ijpharm.2017.08.064
 Roma-Rodrigues, C., Rivas-García, L., Baptista, P. V., and Fernandes, A. R. (2020). Gene therapy in cancer treatment: why go nano?Pharmaceutics 12, 233. doi:10.3390/pharmaceutics12030233
 Ron, N., Cordia, J., Yang, A., Ci, S., Nguyen, P., Hughs, M., et al. (2008). Comparison of physicochemical characteristics and stability of three novel formulations of paclitaxel: Abraxane, Nanoxel, and Genexol PM. Berlin: Sprnger, 5622.
 Rottensteiner, U., Sarker, B., Heusinger, D., Dafinova, D., Rath, S. N., Beier, J. P., et al. (2014). Vitro and in vivo biocompatibility of alginate dialdehyde/gelatin hydrogels with and without nanoscaled bioactive glass for bone tissue engineering applications. Materials 7, 1957–1974. doi:10.3390/ma7031957
 Saadati, R., Dadashzadeh, S., Abbasian, Z., and Soleimanjahi, H. (2013). Accelerated blood clearance of PEGylated PLGA nanoparticles following repeated injections: effects of polymer dose, PEG coating, and encapsulated anticancer drug. Pharm. Res. (N. Y.). 30, 985–995. doi:10.1007/s11095-012-0934-y
 Safdar, R., Omar, A. A., Arunagiri, A., Regupathi, I., and Thanabalan, M. (2019). Potential of Chitosan and its derivatives for controlled drug release applications – a review. J. Drug Deliv. Sci. Technol. 49, 642–659. doi:10.1016/j.jddst.2018.10.020
 Sahoo, N., Sahoo, R. K., Biswas, N., Guha, A., and Kuotsu, K. (2015). Recent advancement of gelatin nanoparticles in drug and vaccine delivery. Int. J. Biol. Macromol. 81, 317–331. doi:10.1016/j.ijbiomac.2015.08.006
 Salatin, S., Barar, J., Barzegar-Jalali, M., Adibkia, K., Kiafar, F., and Jelvehgari, M. (2017). Development of a nanoprecipitation method for the entrapment of a very water soluble drug into Eudragit RL nanoparticles. Res. Pharm. Sci. 12, 1–14. doi:10.4103/1735-5362.199041
 Sanchez-Cano, C., and Carril, M. (2020). Recent developments in the design of non-biofouling coatings for nanoparticles and surfaces. Int. J. Mol. Sci. 21, 114. doi:10.3390/ijms21031007
 Sarcan, E. T., Silindir-Gunay, M., and Ozer, A. Y. (2018). Theranostic polymeric nanoparticles for NIR imaging and photodynamic therapy. Int. J. Pharm. 551, 329–338. doi:10.1016/j.ijpharm.2018.09.019
 Scheinberg, D. A., Villa, C. H., Escorcia, F. E., and McDevitt, M. R. (2010). Conscripts of the infinite armada: systemic cancer therapy using nanomaterials. Nat. Rev. Clin. Oncol. 7, 266–276. doi:10.1038/nrclinonc.2010.38
 Scripture, C. D., Figg, W. D., and Sparreboom, A. (2005). Paclitaxel chemotherapy: from empiricism to a mechanism-based formulation strategy. Therapeut. Clin. Risk Manag. 1, 107–114. doi:10.2147/tcrm.1.2.107.62910
 Shamay, Y., Elkabets, M., Li, H., Shah, J., Brook, S., Wang, F., et al. (2016). P-selectin is a nanotherapeutic delivery target in the tumor microenvironment. Sci. Transl. Med. 8, 345ra87. doi:10.1126/scitranslmed.aaf7374
 Shao, X. R., Wei, X. Q., Song, X., Hao, L. Y., Cai, X. X., Zhang, Z. R., et al. (2015). Independent effect of polymeric nanoparticle zeta potential/surface charge, on their cytotoxicity and affinity to cells. Cell Prolif. 48, 465–474. doi:10.1111/cpr.12192
 Shen, H., Huang, X., Min, J., Le, S., Wang, Q., Wang, X., et al. (2019). Nanoparticle delivery systems for DNA/RNA and their potential applications in nanomedicine. Curr. Top. Med. Chem. 19, 2507–2523. doi:10.2174/1568026619666191024170212
 Shen, M., Huang, Y., Han, L., Qin, J., Fang, X., Wang, J., et al. (2012). Multifunctional drug delivery system for targeting tumor and its acidic microenvironment. J. Control. release 161, 884–892. doi:10.1016/j.jconrel.2012.05.013
 Shi, J., Kantoff, P. W., Wooster, R., and Farokhzad, O. C. (2017). Cancer nanomedicine: progress, challenges and opportunities. Nat. Rev. Canc. 17, 20–37. doi:10.1038/nrc.2016.108
 Shreffler, J. W., Pullan, J. E., Dailey, K. M., Mallik, S., and Brooks, A. E. (2019). Overcoming hurdles in nanoparticle clinical translation: the influence of experimental design and surface modification. Int. J. Mol. Sci. 20. doi:10.3390/ijms20236056
 Shukla, R., Handa, M., Lokesh, S. B., Ruwali, M., Kohli, K., and Kesharwani, P. (2019). “Chapter 18—conclusion and future prospective of polymeric nanoparticles for cancer therapy,” in Editors Kesharwani, P., Paknikar, K. M., and Gajbhiye, A. T. (London: Academic Press), 389–408. doi:10.1016/B978-0-12-816963-6.00018-2
 Siegel, R. L., Miller, K. D., Fedewa, S. A., Ahnen, D. J., Meester, R. G. S., Barzi, A., et al. (2017). Colorectal cancer statistics, 2017. CACancer J. Clin. 67, 177–193. doi:10.3322/caac.21395
 Sindhwani, S., Syed, A. M., Ngai, J., Kingston, B. R., Maiorino, L., Rothschild, J., et al. (2020). The entry of tumours. Nat. Mater. 19, 566–575. doi:10.1038/s41563-019-0566-2
 Sonnichsen, D. S., Hurwitz, C. A., Pratt, C. B., Shuster, J. J., and Relling, M. V. (1994). Saturable pharmacokinetics and paclitaxel pharmacodynamics in children with solid tumors. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 12, 532–538. doi:10.1200/JCO.1994.12.3.532
 Stirland, D. L., Nichols, J. W., Miura, S., and Bae, Y. H. (2013). Mind the gap: a survey of how cancer drug carriers are susceptible to the gap between research and practice. J. Contr. Release 172, 1045–1064. doi:10.1016/j.jconrel.2013.09.026
 Stylianopoulos, T., and Jain, R. K. (2015). Design considerations for nanotherapeutics in oncology. Nanomedicine 11, 1893–1907. doi:10.1016/j.nano.2015.07.015
 Su, S., and Kang, P. M. (2020). Systemic Review of Biodegradable Nanomaterials in Nanomedicine. Nanomaterials 10, 656. doi:10.3390/nano10040656
 Suk, J. S., Xu, Q., Kim, N., Hanes, J., and Ensign, L. M. (2016). PEGylation as a strategy for improving nanoparticle-based drug and gene delivery. Adv. Drug Deliv. Rev. 99, 28–51. doi:10.1016/j.addr.2015.09.012
 Sulheim, E., Iversen, T. G., To Nakstad, V., Klinkenberg, G., Sletta, H., Schmid, R., et al. (2017). Cytotoxicity of poly(alkyl cyanoacrylate) nanoparticles. Int. J. Mol. Sci. 18, 2454. doi:10.3390/ijms18112454
 Summa, J., Von Hoff, D., Sachdev, J., Mita, M., LoRusso, P., Eisenberg, P., et al. (2015). Pharmacokinetics of BIND-014 (docetaxel nanoparticles for injectable suspension) in preclinical species and patients with advanced solid tumors. Cancer Res. 75. doi:10.1158/1538-7445.AM2015-5514
 Sun, Y., Yu, B., Wang, G., Wu, Y., Zhang, X., Chen, Y., et al. (2014). Enhanced antitumor efficacy of vitamin E TPGS-emulsified PLGA nanoparticles for delivery of paclitaxel. Colloids Surf. B Biointerfaces 123, 716–723. doi:10.1016/j.colsurfb.2014.10.007
 Tagami, T., Ernsting, M. J., and Li, S. D. (2011). Optimization of a novel and improved thermosensitive liposome formulated with DPPC and a Brij surfactant using a robust in vitro system. J. Contr. Release 154, 290–297. doi:10.1016/j.jconrel.2011.05.020
 Taghipour-Sabzevar, V., Sharifi, T., and Moghaddam, M. M. (2019). Polymeric nanoparticles as carrier for targeted and controlled delivery of anticancer agents. Ther. Deliv. 10, 527–550. doi:10.4155/tde-2019-0044
 Tang, J., Pérez-Medina, C., Zhao, Y., Sadique, A., Mulder, W. J. M., and Reiner, T. (2017). A comprehensive procedure to evaluate the in vivo performance of cancer nanomedicines. JoVE. 3, 19–74. doi:10.3791/55271
 Tenzer, S., Docter, D., Kuharev, J., Musyanovych, A., Fetz, V., Hecht, R., et al. (2013). Rapid formation of plasma protein corona critically affects nanoparticle pathophysiology. Nat. Nanotechnol. 8, 772–781. doi:10.1038/nnano.2013.181
 Thomas, O. S., and Weber, W. (2019). Overcoming physiological barriers to nanoparticle delivery-are we there yet?Front. Bioeng. Biotechnol. 7, 415. doi:10.3389/fbioe.2019.00415
 Tosi, G., Duskey, J. T., and Kreuter, J. (2020). Nanoparticles as carriers for drug delivery of macromolecules across the blood-brain barrier. Expet Opin. Drug Deliv. 17, 23–32. doi:10.1080/17425247.2020.1698544
 Tran, P. H. L., Duan, W., Lee, B.-J., and Tran, T. T. D. (2019). The use of zein in the controlled release of poorly water-soluble drugs. Int. J. Pharm. 566, 557–564. doi:10.1016/j.ijpharm.2019.06.018
 Tran, S., DeGiovanni, P.-J., Piel, B., and Rai, P. (2017). Cancer nanomedicine: a review of recent success in drug delivery. Clin. Transl. Med. 6, 44. doi:10.1186/s40169-017-0175-0
 Tripodo, G., Trapani, A., Torre, M. L., Giammona, G., Trapani, G., and Mandracchia, D. (2015). Hyaluronic acid and its derivatives in drug delivery and imaging: recent advances and challenges. Eur. J. Pharm. Biopharm. 97, 400–416. doi:10.1016/j.ejpb.2015.03.032
 Truong, N. P., Whittaker, M. R., Mak, C. W., and Davis, T. P. (2015). The importance of nanoparticle shape in cancer drug delivery. Expet Opin. Drug Deliv. 12, 129–142. doi:10.1517/17425247.2014.950564
 Ulbrich, K., and Šubr, V. (2010). Structural and chemical aspects of HPMA copolymers as drug carriers. Adv. Drug Deliv. Rev. 62, 150–166. doi:10.1016/j.addr.2009.10.007
 van Vlerken, L. E., Vyas, T. K., and Amiji, M. M. (2007). Poly(ethylene glycol)-modified nanocarriers for tumor-targeted and intracellular delivery. Pharm. Res. (N. Y.). 24, 1405–1414. doi:10.1007/s11095-007-9284-6
 Varan, G., Varan, C., and Bilensoy, E. (2019). “Chapter 14—Plant-based natural polymeric nanoparticles as promising carriers for anticancer therapeutics,” in Editors Kesharwani, P., Paknikar, K. M., and Gajbhiye, A. T. (London: Academic Press), 293–318. doi:10.1016/B978-0-12-816963-6.00014-5
 Veeravalli, V., Cheruvu, H. S., Srivastava, P., and Vamsi Madgula, L. M. (2020). Three-dimensional aspects of formulation excipients in drug discovery: a critical assessment on orphan excipients, matrix effects and drug interactions. J. Pharm. Anal. 21, 29–34. doi:10.1016/j.jpha.2020.02.007
 Venkatesan, J., Anil, S., Kim, S.-K., and Shim, M. S. (2016). Seaweed polysaccharide-based nanoparticles: preparation and applications for drug delivery. Polymers 8, 30. doi:10.3390/polym8020030
 Venkatraman, S. S., Ma, L. L., Natarajan, J. V., and Chattopadhyay, S. (2010). Polymer-and liposome-based nanoparticles in targeted drug delivery. Front Biosci (Schol Ed). 2, 801–814. doi:10.2741/s103
 Ventura, C. A., Cannavà, C., Stancanelli, R., Paolino, D., Cosco, D., La Mantia, A., et al. (2011). Gemcitabine-loaded chitosan microspheres. Characterization and biological in vitro evaluation. Biomed. Microdevices 13, 799–807. doi:10.1007/s10544-011-9550-6
 Veronese, F. M., and Pasut, G. (2005). PEGylation, successful approach to drug delivery. Drug Discov. Today 10, 1451–1458. doi:10.1016/S1359-6446(05)03575-0
 Vilar, G., Tulla-Puche, J., and Albericio, F. (2012). Polymers and drug delivery systems. Curr. Drug Deliv. 9, 367–394. doi:10.2174/156720112801323053
 Vishnu, P., and Roy, V. (2011). Safety and efficacy of nab-paclitaxel in the treatment of patients with breast cancer. Breast Cancer 5, 53–65. doi:10.4137/BCBCR.S5857
 Voci, S., Gagliardi, A., Fresta, M., and Cosco, D. (2020). Antitumor features of vegetal protein-based nanotherapeutics. Pharm. Times 12, 65. doi:10.3390/pharmaceutics12010065
 Von Hoff, D. D., Mita, M. M., Ramanathan, R. K., Weiss, G. J., Mita, A. C., LoRusso, P. M., et al. (2016). Phase I study of PSMA-targeted docetaxel-containing nanoparticle BIND-014 in patients with advanced solid tumors. Clin. cancer Res. an Off. J. Am. Assoc. Cancer Res. 22, 3157–3163. doi:10.1158/1078-0432.CCR-15-2548
 Vroman, L. (1962). Effect of absorbed proteins on the wettability of hydrophilic and hydrophobic solids. Nature 196, 476–477. doi:10.1038/196476a0
 Waghray, D., and Zhang, Q. (2018). Inhibit or evade multidrug resistance P-glycoprotein in cancer treatment. J. Med. Chem. 61, 5108–5121. doi:10.1021/acs.jmedchem.7b01457
 Wang, J., Sui, M., and Fan, W. (2010). Nanoparticles for tumor targeted therapies and their pharmacokinetics. Curr. Drug Metabol. 11, 129–141. doi:10.2174/138920010791110827
 Wani, M. C., Taylor, H. L., Wall, M. E., Coggon, P., and McPhail, A. T. (1971). Plant antitumor agents. VI. The isolation and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia. J. Am. Chem. Soc. 93, 2325–2327. doi:10.1021/ja00738a045
 Weber, C., Simon, J., Mailänder, V., Morsbach, S., and Landfester, K. (2018). Preservation of the soft protein corona in distinct flow allows identification of weakly bound proteins. Acta Biomater. 76, 217–224. doi:10.1016/j.actbio.2018.05.057
 Wen, R., Umeano, A. C., Chen, P., and Farooqi, A. A. (2018). Polymer-based drug delivery systems for cancer. Crit. Rev. Ther. Drug Carrier Syst. 35, 521–553. doi:10.1615/CritRevTherDrugCarrierSyst.2018021124
 Wicki, A., Witzigmann, D., Balasubramanian, V., and Huwyler, J. (2015). Nanomedicine in cancer therapy: challenges, opportunities, and clinical applications. J. Contr. Release 200, 138–157. doi:10.1016/j.jconrel.2014.12.030
 Wigerup, C., Påhlman, S., and Bexell, D. (2016). Therapeutic targeting of hypoxia and hypoxia-inducible factors in cancer. Pharmacol. Ther. 164, 152–169. doi:10.1016/j.pharmthera.2016.04.009
 Wilhelm, S., Tavares, A. J., Dai, Q., Ohta, S., Audet, J., Dvorak, H. F., et al. (2016). Analysis of nanoparticle delivery to tumours. Nat. Rev. Mater. 1, 16014. doi:10.1038/natrevmats.2016.14
 Witt, S., Scheper, T., and Walter, J. G. (2019). Production of polycaprolactone nanoparticles with hydrodynamic diameters below 100 nm. Eng. Life Sci. 19, 658–665. doi:10.1002/elsc.201800214
 Wu, L., Sun, J., Su, X., Yu, Q., Yu, Q., and Zhang, P. (2016). A review about the development of fucoidan in antitumor activity: progress and challenges. Carbohydr. Polym. 154, 96–111. doi:10.1016/j.carbpol.2016.08.005
 Yang, B., Han, X., Ji, B., and Lu, R. (2016). Competition between tumor and mononuclear phagocyte system causing the low tumor distribution of nanoparticles and strategies to improve tumor accumulation. Curr. Drug Deliv. 13, 1261–1274. doi:10.2174/1567201813666160418105703
 Yang, Q., and Lai, S. K. (2015). Anti-PEG immunity: emergence, characteristics, and unaddressed questions. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 7, 655–677. doi:10.1002/wnan.1339
 Yang, Y., Wang, S., Wang, Y., Wang, X., Wang, Q., and Chen, M. (2014). Advances in self-assembled chitosan nanomaterials for drug delivery. Biotechnol. Adv. 32, 1301–1316. doi:10.1016/j.biotechadv.2014.07.007
 Yasmin, R., Shah, M., Khan, S. A., and Ali, R. (2017). Gelatin nanoparticles: a potential candidate for medical applications. Nanotechnol. Rev. 6, 191–207. doi:10.1515/ntrev-2016-0009
 Yoneki, N., Takami, T., Ito, T., Anzai, R., Fukuda, R., Kinoshita, K., et al. (2015). One-pot facile preparation of PEG-modified PLGA nanoparticles: effects of PEG and PLGA on release properties of the particles. Colloids Surf. A Physicochem. Eng. Asp. 469, 66–72. doi:10.1016/j.colsurfa.2015.01.011
 You, Y.-Z., and Oupický, D. (2007). Synthesis of temperature-responsive heterobifunctional block copolymers of poly(ethylene glycol) and poly(N-isopropylacrylamide). Biomacromolecules 8, 98–105. doi:10.1021/bm060635b
 Young, S. W. S., Stenzel, M., and Jia-Lin, Y. (2016). Nanoparticle-siRNA: a potential cancer therapy?Crit. Rev. Oncol. Hematol. 98, 159–169. doi:10.1016/j.critrevonc.2015.10.015
 Zhang, X., Wu, Y., Li, Z., Wang, W., Wu, Y., Pan, D., et al. (2020). Glycodendron/pyropheophorbide-a (Ppa)-functionalized hyaluronic acid as a nanosystem for tumor photodynamic therapy. Carbohydr. Polym. 247, 116749. doi:10.1016/j.carbpol.2020.116749
 Zheng, X., Pan, D., Chen, M., Dai, X., Cai, H., Zhang, H., et al. (2019). Tunable hydrophile–lipophile balance for manipulating structural stability and tumor retention of amphiphilic nanoparticles. Adv. Mater. 31, 1901586. doi:10.1002/adma.201901586
 Zhong, Y., Meng, F., Deng, C., and Zhong, Z. (2014). Ligand-directed active tumor-targeting polymeric nanoparticles for cancer chemotherapy. Biomacromolecules 15, 1955–1969. doi:10.1021/bm5003009
 Zhou, Z., Liu, X., Zhu, D., Wang, Y., Zhang, Z., Zhou, X., et al. (2017). Nonviral cancer gene therapy: delivery cascade and vector nanoproperty integration. Adv. Drug Deliv. Rev. 115, 115–154. doi:10.1016/j.addr.2017.07.021
 Zhu, L., and Chen, L. (2019). Progress in research on paclitaxel and tumor immunotherapy. Cell. Mol. Biol. Lett. 24, 40. doi:10.1186/s11658-019-0164-y
 Zuckerman, J. E., Gritli, I., Tolcher, A., Heidel, J. D., Lim, D., Morgan, R., et al. (2014). Correlating animal and human phase Ia/Ib clinical data with CALAA-01, a targeted, polymer-based nanoparticle containing siRNA. Proc. Natl. Acad. Sci. U. S. A. 111, 11449–11454. doi:10.1073/pnas.1411393111
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Gagliardi, Giuliano, Venkateswararao, Fresta, Bulotta, Awasthi and Cosco. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-601626-g005.gif
fegen—
@ o






OPS/images/fphar-12-601626-g003.gif





OPS/images/fphar-12-601626-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Biodegradable Polymeric Nanoparticles for Drug Delivery to Solid Tumors		Introduction

		Tumor Microenvironment

		Polymeric Nanoparticles		Biopolymers for Cancer Nanomedicine

		Animal-Based Biopolymers

		Plant-Based Biopolymers

		Microbial Biopolymers

		Biolpolymers From Marine Organisms





		Methods of Preparation for Polymeric Nanoparticles and the Role of Surfactants		Physico-chemical Properties of Polymeric Nanoparticles

		Particle Size

		Particle Shape

		Particle Surface





		Drug Targeting		Passive Targeting and Solid Tumors

		Active Targeting

		Stimuli-Sensitive PNs and Trigger Release





		Preclinical and Clinical Investigations		Abraxane or Nab-Paclitaxel

		BIND-014®

		Livatag®





		Conclusions and Perspectives

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/fphar-12-601626-g001.gif





OPS/images/fphar-12-601626-g002.gif
Physiological Environment o Tintsse Emiuninc









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





