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Editorial on the Research Topic
 Nanoparticles in Cancer Therapy-Novel Concepts, Mechanisms, and Applications



Since the invention of nanomedicine decades ago (Drexler et al., 1991; Weber, 1999; Kalb, 2000; Voss, 2000), considerable progresses have been made, especially with cancer as a target (Jain and Stylianopoulos, 2010; Shi et al., 2017). Active research spread from fundamental research to clinical investigations. The topic “Nanoparticles in Cancer Therapy-Novel Concepts, Mechanisms and Applications” intends to cover several important aspects in this field including nanocarrier development, gene delivery, intrinsically active nanoparticles (NPs), tumor microenvironment, immunology, and toxicity.

The mostly applied biocompatible nanocarriers in clinical trials are protein, lipid, and polymer-based materials. In this aspect, three reviews are included. Gou et al. comprehensively summarized protein-based nanoformulations for cancer theranostics. They discussed nanocarriers composed of albumin, ferritin, gelatin, and transferrin, which are the major materials investigated. Imaging modalities in addition to these nanocarriers are also discussed including near-IR fluorescence, magnetic resonance imaging, positron emission tomography, computed tomography, and photoacoustic imaging. The authors also analyzed challenges these formulations face such as reproducibility, colloidal stability in biological environments, drug-loading efficiency, and reticuloendothelial system accumulation. Rezvantalab et al. systematically reviewed the PLGA-based NPs in cancer treatment. The review article gives an overview of properties and preparation methods of PLGA NPs. Emphasis is also given to the passive and active tumor targeting, and combination therapy. The authors argued that researchers need to critically reflect on the clinical feasibility and give consideration to not only the optimization of size, drug loading and drug release, but also biocompatibility, pharmaceutical upscaling and batch-to-batch reproducibility. The authors also encourage more pharmacokinetic and pharmacodynamic understanding of NPs, and applicability of external stimuli for combination therapy. Raut et al. provides an in-depth review of recombinant high-density lipoprotein (rHDL)-based drug delivery systems in cancer therapy. The rHDL NPs are inherently capable of overcoming several biological barriers to cancer therapy. The small size, intrinsic targeting ability, endosomal escape, and safety in animals and humans make this platform highly attractive for chemotherapy drugs which suffer from off-target toxicity issues. In their review, detailed discussion was given in the following aspects: interactions of rHDL NPs with blood and immune cells, hemorheology, and blood vessel fluid dynamics, extravasation, cellular membrane transport, and endosomal escape, and drug resistance.

Polymeric micelles are a popular type of nanocarriers for drug delivery due to their biocompatibility, multifunctionality, and controllable release. In this topic, Qi et al. synthesized triblock copolymers PEG-DiHyd-PLA containing hydrazone bond. These copolymers can self-assemble into micelles with uniformed size below 100 nm and narrow size distribution. The size underwent obvious changes in mildly acidic environments while kept unchanged in neutral condition. Model drug doxorubicin was successfully loaded into the micelles and presented a rapid and complete drug release in acidic condition (pH 5.0). The drug loaded NPs possessed high anti-tumor activity to kill the cancer cells but minimum toxicity to normal cells. Li et al. synthesized an ibuprofen-based amphiphilic diblock copolymer (POEG-b-PVBIBU) via reversible addition fragmentation transfer polymerization of the drug-based vinyl monomer. The diblock copolymer was able to self-assemble into prodrug nanomicelles and load anti-cancer drugs with high capacity such as doxorubicin, paclitaxel and docetaxel. The drug containing polymeric micelles were more effective in inhibiting the tumor growth than free DOX in vivo.

Li et al. achieved RNA interference for cancer therapy using TDAPEI, a synthetic derivative of low-molecular-weight polyethylenimine (PEI) as a carrier of plasmid DNA encoding VEGF shRNA. The polymers were cross-linked with imine bonds by the conjugation of branched PEI (1.8 kDa) and 2,5-thiophenedicarboxaldehyde (TDA). The nanocomplex showed effective in vivo anti-tumor efficacy and gene silencing comparable to PEI (25 kDa) as carrier but greater biocompatibility.

NPs can also be intrinsically active for cancer therapy. Corsi et al. reviewed the biological effects of cerium oxide NPs. Despite cerium oxide NPs (CNPs) were found to exert strong anticancer activities which is a characteristic generally attributed to CNPs redox activity, other studies however reported non-redox mechanisms. The authors recently demonstrated that the radio-sensitizing effect of CNPs on human keratinocytes is independent from the redox switch. Mechanisms involving particle dissolution with release of toxic Ce4+ atoms, or differential inhibition of the catalase vs. superoxide dismutase-mimetic activity with accumulation of H2O2 have been proposed, explaining such intriguing findings only partially.

Another example of intrinsically active NPs are through interacting with human immune systems. Jia et al. discussed the interactions of NPs with dendritic cells and its applications in cancer therapy. Targeting dendritic cells (DCs) by nanotechnology stands as a promising strategy for cancer immunotherapy. The physicochemical properties of NPs influence their interactions with DCs, thus altering the immune outcome of DCs by changing their functions in the processes of maturation, homing, antigen processing, and antigen presentation. In their review, Jia et al. summarized the recent progress in targeting DCs using NPs as a drug delivery carrier in cancer immunotherapy, the recognition of NPs by DCs, and the ways the physicochemical properties of NPs affect DCs' functions. The molecular pathways in DCs that are affected by NPs were also discussed.

The tumor microenvironment plays a vital role in regulating nano-chemotherapeutics distribution and their biological effects. Fernandes et al. summarized the barriers in tumor microenvironment, their consequential effects on chemotherapeutics, considerations to improve nano-chemotherapeutics delivery and combinatorial strategies to overcome acquired resistance induced by tumor microenvironment. Nanotechnology based approach as well as combinatorial approaches based on ligand-mediated, redox-responsive, and enzyme-mediated strategies have been discussed in their review.

Nanotechnology has also shown several advantages over widely used traditional methods in uro-oncology. For example, different types of NPs improve the solubility of poorly soluble drugs, and multifunctional NPs have good specificity toward prostate, renal, and bladder cancer. Moreover, nanotechnology can also combine with other novel technologies to further enhance efficacy. As our understanding of nanotechnologies grows, additional opportunities to improve the diagnosis and treatment of urological cancer are expected to arise. In their review, He et al. focused on nanotechnologies with potential applications in urological cancer therapy and highlighted clinical areas that would benefit from nanomedicine therapy.

As concerns about the toxicity of nanomaterials are growing, a safety evaluation become a routine assessment nowadays as a prerequisite for nanomedicine. Chen et al. showed that carboxyl and amine-modified InP/ZnS quantum dots were able to enter the cells with high uptake efficiency. High doses of NPs caused the cell viability to decrease, and carboxyl or amine-modified quantum dots appeared to be more toxic than hydroxyl modified ones. In addition, all these NPs were able to induce intracellular reactive oxygen species generation and apoptosis. These results suggested that proper caution should be taken for the safe application of nanomedicine.

Although this topic included some key advances, we recognize that this field is growing very rapidly and our collection has not covered all aspects. In recent years, nanotechnology has shown many advantages over conventional approaches for cancer diagnosis, treatment and prevention, and clinical trials are being implemented every year (Tran et al., 2017). However, challenges are still overwhelming especially in human trials, formulation, and regulatory issues. With new advancements in materials chemistry, nanoscience, biology and medicine, one can envision that devastating cancer will be curable some day and in that achievement, the nanoscale approaches will have played an important role.
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Over the past decade, more interests have been aroused in engineering protein-based nanoformulations for cancer treatment. This excitement originates from the success of FDA approved Abraxane (Albumin-based paclitaxel nanoparticles) in 2005. The new generation of biocompatible endogenous protein-based nanoformulations is currently constructed through delivering cancer therapeutic and diagnostic agents simultaneously, as named potential theranostics. Protein nanoformulations are commonly incorporated with dyes, contrast agents, drug payloads or inorganic nanoclusters, serving as imaging-guided combinatorial cancer therapeutics. Employing the nature identity of proteins, the theranostics, escape the clearance by reticuloendothelial cells and have a long blood circulation time. The nanoscale sizet allows them to be penetrated deeply into tumor tissues. In addition, stimuli release and targeted molecules are incorporated to improve the delivery efficiency. The ongoing advancement of protein-based nanoformulations for cancer theranostics in recent 5 years is reviewed in this paper. Fine-designed nanoformulations based on albumin, ferritin, gelatin, and transferrin are highlighted from the literature. Finally, the current challenges are identified in translating protein-based nanoformulations from laboratory to clinical trials.

Keywords: protein nanoparticles, cancer therapeutics, theranostics, drug delivery, cancer diagnostics

INTRODUCTION

Cancer, a leading cause of death globally, reaching approximately 8.2 million mortalities yearly, poses an enormous burden on society (Torre et al., 2015; Mehra et al., 2017). Cancer counts as a multifactorial and refractory disease caused by the local tissue micro-environmental and genetic factors intertwined (Hanahan and Weinberg, 2011). Common treatment strategies, including radiotherapy and/or chemotherapy with surgery, result in high treatment failure rate (Aoun et al., 2015; Kouchakzadeh and Abbas Shojaosadati, 2016). The reasons of treatment failure are generally diverse: (1) cancer is commonly detected at a later stage, thus accuracy and susceptibility of diagnosis and monitoring methods for early-stage cancer require further improvement (Ge and Liu, 2013; Torre et al., 2015); (2) in most cases, the conventional chemotherapy have been disappointing in efficacy due to multidrug resistance (MDR) and severe side effects (Gelperina et al., 2005; Pérez-Tomás, 2006; Szakács et al., 2006; Ge and Liu, 2013); (3) the cancer therapeutic biological agents (inclusive of antibodies, proteins and nucleic acids), the new class of anticancer drugs, are commonly unstable in in vivo circulation, with rapid degradation and inactivation before reaching the target site (Panyam and Labhasetwar, 2003; Sinha and Trehan, 2003). Accordingly, early detection, effective diagnosis and effective treatment of cancer are needed to be optimized to increase the survival rate and decrease the cancer associated deaths.

“Theranostics,” the portmanteau of therapeutics and diagnostics, has incorporated diagnostic and therapeutic functions into a single nanoplatform (Pene et al., 2009; Chen and Liu, 2016). It is noteworthy that the theranostics have been proposed as a new and revolutionary therapeutic concept in cancer therapy, enabling simultaneous diagnosis and treatment response monitoring using personalized medicine with high accuracy and specificity (Janib et al., 2010; Bardhan et al., 2011). Additionally, it is likely to incorporate numerous different therapeutic drugs into a single theranostics nanoplatform through judicious design to reach synergistic treatment of cancer (Moon et al., 2015; Chen and Liu, 2016). In this regard, theranostics have become a research orientation arousing great concern and been promising in the field of cancer treatment.

Considerable efforts have been recently made to develop new systems for cancer theranostics (Opoku-Damoah et al., 2016; Chen et al., 2017b; Guo et al., 2017; Mohammadi et al., 2017; Tekade and Sun, 2017; Yue et al., 2017). Thus, far, numerous types of theranostic platforms have been reported, consisting of protein nanocarriers (Ng et al., 2011; Chen and Liu, 2016; Truffi et al., 2016), liposome nanocarriers (Wang et al., 2014b; Dai and Yue, 2017), inorganic nanocarriers (Huang et al., 2011; Sharma et al., 2015), polymer nanocarriers (Kamaly et al., 2012; Charron et al., 2015; Sk and Kojima, 2015) and inorganic/organic hybrid nanocarriers (Barreto et al., 2011; Zhu et al., 2015; Li et al., 2017). Among these platforms, protein-based nanoplatforms have aroused the greatest concern by virtue of their biodegradability, biocompatibility, no or low toxicity and ease of modification (Maham et al., 2009; Elzoghby, 2013; Yewale et al., 2013; Chen and Liu, 2016; Kouchakzadeh and Abbas Shojaosadati, 2016). Some proteins, e.g., transferrin and lactoferrin, can be specifically bound to receptor(s) highly expressed in considerable cancer cells via receptor-ligand interaction, enabling the construction of active targeted theranostic nanoplatforms (Kanwar et al., 2016; Wang et al., 2016a, 2017a). Furthermore, in the presence of reactive groups such as –COOH, –NH2, and –OH, protein-based theranostic platforms can be further decorated with functional molecules for different purposes. Numerous proteins as versatile platforms for delivering therapeutic agents have been elucidated in previous review articles (Yewale et al., 2013; Paliwal and Palakurthi, 2014; Kouchakzadeh and Abbas Shojaosadati, 2016).

This review article stresses the protein-based multifunctional theranostics progress in the past 5 years (Table 1) and summaries critical foundation for further studying theranostics. The therapeutic methods include photothermal therapy (PTT), photodynamic therapy (PDT) and chemotherapy. The diagnostic or imaging methods included magnetic resonance (MR) imaging, fluorescence imaging, computed tomography (CT) imaging, photoacoustic (PA) imaging, positron emission tomography (PET) imaging and so on. The combinatorial strategies between diagnostic and therapeutic methods are summarized in Figure 1. Properties of commonly used proteins, i.e., albumin, ferritin, gelatin, and transferrin, were introduced. The preparation methods and key outcomes of in vitro or in vivo studies of these protein-based nanoformulations for cancer theranostics were elaborated.


Table 1. Overview of the protein-based nanoformulations for cancer theranostics.
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FIGURE 1. (A) Engineering of protein-based nanoformulations as cancer theranostic platforms. (B) A series of imaging technologies are incorporated in the theranostic platforms.



ALBUMIN-BASED NANOFORMULATIONS

Albumin and Its Properties

Albumins are obtained commercially in considerable amount from human serum (human serum albumin, HSA), bovine serum (bovine serum albumin, BSA), rat serum (RSA) and egg white (ovalbumin) (Karimi et al., 2016). Based on practicality, this review focus on HSA and BSA.

BSA shares ca. 76% sequence homology with HSA (Anand and Mukherjee, 2013), and is very soluble with a 69,323 Da molecular weight, consisting of 583 amino acid residues. BSA has an isoelectric point (pI) of 4.7 with a net charge of −18 mV (Anand and Mukherjee, 2013). BSA molecule is heart-shaped, consisting of three repeating domains (labeled I–III), with each of which falling into two sub-domains A and B (Majorek et al., 2012). BSA is extensively adopted for cancer theranostics by virtue of low cost, abundance, ease of purification and proper delivering properties.

HSA, the most abundant plasma protein (35–50 mg/mL human serum), is synthesized in the liver. HSA is a single-chain and non-glycosylated polypeptide with 66,500 Da in molecular weight, consisting of 585 amino acid residues, and heart-shaped with 80 × 80 × 30 Å in ca. dimensions (Sugio et al., 1999). From X-ray crystallographic analyses, the vital difference between BSA and HSA is that the former contains two tryptophan amino acid residues (Trp-135 and Trp-212), whereas the latter has merely one, Trp-214. HSA is very soluble, being extremely robust toward temperature (available at 60°C for 10 h), pH (stable in pH 4–9) and organic solvents. Besides, HSA protein has preferentially been uptaken to tumor interstitium via the pathway of SPARC glycoprotein and gp60 glycoprotein transcytosis. These properties as well as its deficient toxicity, immunogenicity, and biodegradability make it an ideal candidate for cancer theranostics.

HSA for Cancer Theranostics

HSA has broadly served as a natural carrier to isolate organic molecules or inorganic oxide, inclusive of IR780, superparamagnetic iron oxide, IR825, and chlorin e6 (Ce6), for synthesizing effective theranostic agents.

Individual HSA-Dye Complexes

HSA is well-known with multiple hydrophobic binding pockets, and able to be bound non-covalently with many organic dyes, forming HSA-dye complexes with a high fluorescence quantum yield. In recent years, near-infrared (NIR) dyes, e.g., IR780, indocyanine green (ICG) and IR825, are broadly employed for cancer theranostics because of their relatively deep penetration and low interference. IR825 can be bound to the hydrophobic domain of HSA (the molar ratio of 1:1) via hydrophobic interactions, which fabricates a HSA-IR825 complex (Figure 2A) (Chen et al., 2014c). The HSA-IR825 complex have a high fluorescence quantum yield at 600 nm excitation and an even high absorbance whereas low fluorescence quantum yield under 808 nm excitation, showing a great performance in NIR imaging and PTT at separated wavelengths. A gadolinium was further fabricated on HSA-IR825 for dual-modal imaging-guided PTT of tumor in a follow-up study (Figure 2B) (Chen et al., 2014a). In this work, HSA was conjugated with the Gd(III) compound of diethylenetriamine pentaacetic acid, and further complexed with IR825, to form HAS-Gd-IR825 complex. The HAS-Gd-IR825 complex has great fluorescence and NIR absorbance, impressive T1 relaxivity of 4.82 mM−1 s−1. More recently, a gemcitabine functionalized HSA-IR780 agent was reported for chemotherapy and imaging-guided PTT of tumor (Han et al., 2017). HSA was first conjugated with gemcitabine via cathepsin B cleavable peptide GFLG, and then mixed with IR780 dye at the molar ratio of 1:1. IR780 could bound to HSA via hydrophobic interactions.
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FIGURE 2. Schematic illustration of the fabrication of HAS-IR825 complex (A) (Chen et al., 2014c), HAS-Gd-IR825 complex (B) (Chen et al., 2014a), and HSA-ICG-PTX nanoparticles (C) (Chen et al., 2015a).



For above systems, the NIR dyes were bound to the HSA via non-covalent interactions, possibly causing dye leakage during in vivo circulation (Rong et al., 2015). To address this problem, heptamethine CySCOOH dye (a NIR cyanine dye) was covalently conjugated to the lysine residues of HSA (Rong et al., 2015) via a modified EDC/NHS reaction for effective photoacoustic (PA), NIR fluorescence, thermal multimodality imaging and PTT. Such conjugation, compared with free CySCOOH dye under the identical conditions, resulted in higher PTT efficacy, tumor accumulation and longer circulation. Moreover, the maleimide group can be rapidly and selectively bound to the Cys34 residue of HSA via a Michael addition reaction. Recently, the Michael addition reaction was employed to couple fluorescent dye Cy7 to Cys34 position of HAS (Lisitskiy et al., 2017). And meantime, the chemotherapeutic agent pTFT (5-trifluoromethyl-2′-deoxyuridine 5′-monophosphate) was coupled to lysine residues of HSA via a redox and pH dual-sensitive linker. The conjugates could not only serve as an optical and 19F MR imaging, but also be applied for delivery of chemotherapeutics.

HSA-Based Complexes

HSA has an effective diameter of 7.2 nm. Yet nanocarriers with sizes of 100-200 nm are well known to tend to accumulate in tumor tissues more efficiently via the enhanced permeability and retention (EPR) effect (Peer et al., 2007). Besides, theranostic agents usually require more functional ingredients to expand the application. Accordingly, great efforts have been devoted to design HSA-based complexes with appropriate sizes and more characteristics, to establish multifunctional HSA-based theranostics. For example, melanin and paclitaxel (PTX)-loaded HSA nanoparticles (HMP-NPs) with size of ca. 192 nm were fabricated with a desolvation-crosslinking method (Mo et al., 2007; Sim et al., 2015). The HMP-NPs showed effective PA signal intensity in the tumor site and the capability to tumor chemotherapy with long circulation time, as confirmed by in vivo experiments. In addition, the desolvation-crosslinking method was adopted to form HSA-based NPs (Pt(IV)-probe@HSA) for theranostic application (Li et al., 2015). In this work, the HSA NPs surface were conjugated with Pt(IV) antitumor prodrug, NIR fluorophore Cy5, and quencher Qsy21. The Pt(IV)-probe@HSA can not only selectively trigger the localized activation of Pt(IV) prodrug, but also enable real-time tumor cell imaging with high resolution.

For the above systems, glutaraldehyde is employed to stabilize the HSA NPs, whereas possible aldehyde residue may cause some side effects for in vivo applications (Fürst and Banerjee, 2005). To address this problem, some facile methods involving no toxic chemicals or exogenous cross-linkers have been broadly adopted in the preparation (Sheng et al., 2014; Hu et al., 2016). As an example, HSA-ICG NPs was developed with an average hydrodynamic diameter of nearly 75 nm based on the intermolecular disulfide bond cross-linking within HSA, for imaging-guided PDT and PTT treatments (Sheng et al., 2014). In this work, they first broke up the intramolecular disulfide bonds of HSA with the endogenous reducing agent glutathione, and then fabricated the HSA NPs with a desolvation method. A similar strategy was also adopted in their recent work to fabricate HSA nanoassemblies (NAs) with photosensitizer chlorin e6 (HSA-Ce6 NAs) for multi-modal imaging-guided PDT (Hu et al., 2016). The proposed HSA-Ce6 NAs had a diameter of ca. 100 nm, excellent tumor selectivity, promising triple-modal (fluorescence, PA and MR) imaging, and effective PDT properties.

Another method proposed by Liu's group not introducing exogenous cross-linkers is to fabricate HSA-based multifunctional theranostic NPs with drug-induced protein assembly strategy (Chen et al., 2015a). In this work, a multifunctional “Abraxane-like” theranostics agent was formulated through simply incorporating three clinical approved agents, ICG, PTX and HSA together (Figure 2C). In this formulation, the NIR fluorescence imaging, thermal imaging, PTT and chemotherapy were efficiently combined. Accordingly, a synergistic therapeutic effect is demonstrated in treating metastatic and subcutaneous breast tumors. As a result, the strategy is enriched to design tumor-targeted theranostics agent for multimodal imaging-guided therapy of tumors (Chen et al., 2015b). HSA is pre-modified in their design, with either a tumor-targeting acyclic Arg-Gly-Asp (RGD) peptide (HSA-RGD) or a photosensitizing agent Ce6 (HSA-Ce6). The anticancer drug PTX is then employed to induce the self-assembly of HSA-RGD and HSA-Ce6 to fall into two different NPs. After incorporation of manganese(II), both of NPs could be tracked by MR imaging and fluorescence imaging, which can be adopted for combinatorial cancer PDT and chemotherapy. Similarly, photosensitizer agent iron (II) phthalocyanine (FePc)-induced HSA self-assembly, is employed in a recent study to fabricate multifunctional HSA-FePc NPs for PA imaging-guided PTT (Jia et al., 2017). The as-prepared HSA-FePc NPs exhibited high stability, high PA imaging quality, efficient PTT treatment, and low long-term toxicity in vivo.

HSA-Coated Complexes

PTX-loaded HSA NPs were conjugated to the surface of porphyrin microbubbles for cancer theranostics (Moon et al., 2015). In this system, porphyrin microbubbles were fabricated using porphyrin-phospholipid conjugates to simultaneously intensify ultrasound and PA signal. The developed multifunctional theranostics agent is high sensitive in PA and ultrasound imaging, and effective in delivery of anticancer drug PTX to a tumor site. HSA-coated superparamagnetic iron oxide NPs were presented more recently, which can absorb pulsed microwave energy and transform efficiency into shockwave with the thermoelastic effect besides using as MR contrast agents (Wen et al., 2017).

BSA for Cancer Theranostics

Individual BSA–Dye Complexes

BSA consists of multiple hydrophobic binding sites, and can naturally serve as a carrier of numerous small NIR dyes agents. Squaraine (SQ) was selectively bound to hydrophobic domain of BSA via hydrogen bonding and hydrophobic interactions with 80-fold enhanced fluorescence intensity (Gao et al., 2014). Based on this, a supramolecular adducts of SQ and BSA (SQ@BSA) was constructed and served as PTT agent and effective bioimaging probe simultaneously. In addition, folic acid (FA) functionalized SQ@BSA (SQ@BSA-FA) has additional functions, e.g., monitoring the time-dependent bio-distribution of adducts and targeting tumor sites. ICG, an FDA-approved NIR dye, can be adsorbed on BSA for NIR fluorescence imaging, PTT and PDT as excited by single-wavelength (Chen and Liu, 2016). Besides, BSA-based theranostics system covalently modified with NIR dyes has been reported (Lee et al., 2016). For example, a zinc-coordinated pH-sensitive theranostics agent is reported, consisting of two types of polyethylene glycol-BSA-imidazole covalently modified with either BHQ-3 quencher (NIR dark quencher) or Cy5.5 dye (donor NIR dye). At pH 5.0 (e.g., endo/lysosomes in cancer cells), the theranostics agent was disassembled rapidly, and emitted strong NIR fluorescence (Lee et al., 2016).

BSA-Based Complexes

Besides bound to NIR dyes, BSA can be further engineered with other functional agents via complexation, such as gadolinium (Wei et al., 2016; Yang et al., 2016; Chen et al., 2017a; Zhou et al., 2017), manganese (Liu et al., 2017; Pan et al., 2017) and graphene's derivatives (Sheng et al., 2013). For example, hollow BSA was employed to fabricate a size-tunable Gd2O3@BSA conjugating Ce6 theranostics agent for MR imaging-guided PDT and PTT (Figure 3) (Zhou et al., 2017). Notably, the BSA nanoreactor can not only effectively regulate the longitudinal relaxivity of Gd2O3, but conjugate readily with photosensitizers. A facile strategy is presented, adopting BSA as a biotemplate at physiological temperature, to construct a biocompatible Gd-integrated CuS multifunctional theranostics agent (Gd:CuS@BSA) (Yang et al., 2016). The fabricated Gd:CuS@BSA theranostics agent possessed ultrasmall sizes (about 9 nm), acceptable longitudinal r1 relaxivity of 16.032 mM−1·s−1, impressive temperature rise and intense PA signals under NIR irradiation. Recently, a multifunctional MoS2-Gd-BSA theranostics agent was fabricated through incorporating the good photothermal effect of MoS2 nanoflakes with the high longitudinal proton relaxivity of BSA-Gd complex via the amine reaction between carboxyl groups of MoS2 nanoflakes and amino groups of BSA-Gd (Chen et al., 2017a). The MoS2-Gd-BSA theranostics agent exhibits a strong NIR absorbance and high r1 relaxivity, which are helpful for PA and T1-weighted MR dual-modal imaging-guided PTT of cancer. Besides, a chemotherapeutic drug carmustine-encapsulated FITC-BSA NPs were prepared by desolvation/denaturation method and conjugated with a MR gadolinium(III) salt to form nanomedicine with dual imaging modalities (Wei et al., 2016).
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FIGURE 3. Schematic illustration the synthesis of core-shell Gd2O3@BSA conjugating Ce6 (A) for MRI-guided cancer photothermal therapy (PTT) and photodynamic therapy (PDT) (B). Reproduced with permission (Zhou et al., 2017).



At the identical stage, contrast agent Mn-based BSA complexes have been also reported for cancer theranostics (Liu et al., 2017; Pan et al., 2017). For example, a multifunctional BSA-MnO2 theranostics agent was fabricated via a mimicking drug-substrate interaction strategy, adopting BSA as both reductant agent and template (Pan et al., 2017). It is noteworthy that ICG and PTX can be loaded on BSA-MnO2 with a facile and energy-saving mixing. The ICG/PTX-loaded BSA-MnO2 theranostics agent could be adopted for MR imaging guided PTT and chemotherapy in vitro and in vivo.

Furthermore, a BSA-assisted synthesis route was developed to produce reduced graphene oxide (nano-rGO) theranostic agent (Sheng et al., 2013). The BSA functionalized nano-rGO displayed a high stability and low cytotoxicity, enabling PA imaging and PTT treatment without further surface modification. On that basis, a folate receptor active-targeted, pH-responsive BSA-pheophorbide-a (PheoA) photosensitizer incorporated GO nanocarrier (PheoA + GO:FA-BSA-c-PheoA NC) is developed as an theranostic agent (Battogtokh and Ko, 2016). The theranostic agent carries a good pH-responsive photosensitizer and generates a synergistic PTT and PDT effect against tumor by NIR irradiation.

BSA-Coated Complexes

BSA serves not only as a delivery platform to load various functional molecules, e.g., dyes and chemotherapy drugs, but also as a coating agent of other nanocarriers to increase the physiological stability, water-solubility and blood circulation time of theranostics systems. For example, BSA is employed to coat NaGdY4-based upconversion NPs (UCNPs), resulting in UCNP@BSA NPs possessing well stability and water-solubility in physiological environments (Chen et al., 2014b). And meantime, two different dyes, consisting of an IR825 dye and a Rose Bengal (RB) photosensitizer, can be effectively loaded onto the BSA shell layer of the UCNP@BSA system. It is noteworthy that the characteristic absorbance peak of RB complies well with the green emission peak of UCNPs (980 nm excitation), which effectively kills cancer cells by PDT. Therefore, the dual-dye loaded theranostics agent can be adopted for MR diagnostic, upconversion optical imaging, PDT as well as PTT both in vitro and in vivo. BSA-coated magnetite Fe3O4 core-shell structures with anticancer drug (gemcitabine) were developed, where BSA serving as the outer shell was further functionalized by the active targeted agent Anti-EGFR mab C225 (Wang et al., 2015). The theranostics agent can efficiently regulate double-targeted thermochemotherapy against pancreatic tumor, monitor different cellular targeting by MR imaging, and distinguish various EGFR-expressing pancreatic tumor cells. On that basis, a BSA-coated magnetite Fe5C2 theranostics agent was developed with a high loading of antitumor drug doxorubicin (DOX) (Yu et al., 2016). Notably, the DOX can be released in acidic condition and irradiated by NIR. In this regard, the theranostics agent serves as a smart nanoplatform for MR imaging, effective chemotherapy and PTT. A pH-responsive protein–polymer bioconjugate-coated theranostics agent consisting of a superparamagnetic magnetite Fe3O4 core, BSA–poly(ethylene glycol) (PEG) shell and anticancer drug DOX were presented for combined MR imaging diagnostics and chemotherapy (Semkina et al., 2015). A BSA–poly(ε-caprolactone) bioconjugate-coated upconversion theranostics agent is constructed with the similar preparation method for simultaneous cancer cell imaging, PDT, and chemotherapy (Dong et al., 2016). BSA stabilized Prussian blue (PB) NPs were fabricated, and ICG molecules were further attached non-covalently by a biocompatible and simple method (Sahu et al., 2016). Here, PB serves as a MR contrast enhancer. Accordingly, the multifunctional theranostics system could provide dual mode MR signal and NIR fluorescence imaging as well as combined therapy with PDT and PTT. A pH-responsive Au–BSA core/shell theranostics agent consisting of Au core, BSA shell that conjugated with DOX and FA was developed recently, which manifested tumor computed tomography (CT) imaging application and targeted cancer therapy (Huang et al., 2017).

Albumin-based NPs could be synthesized by using albumin as a scaffold, template, or stabilizer, and conjugating to polymers, drugs, and contrast agents. Covalent and non-covalent conjugation or assembly were employed. Due to the success of Abraxane, researchers preferred the non-convalent self-assembly. However, NPs prepared using the non-convalent strategy will vary batch to batch, which need to be overcome in the future studies (An and Zhang, 2017).

FERRITIN-BASED NANOFORMULATIONS

Ferritin and Its Properties

Ferritin counts as an abundant protein in circulation, existing in intracellular and extracellular compartments. Ferritin is a 450 kDa hollow nanocage with internal and external dimensions of 8 and 12 nm, respectively (Banyard et al., 1978). It accumulates and stores approximately 4,500 iron atoms in a non-toxic whereas bioavailable form (Alkhateeb and Connor, 2013). In mammals, each ferritin protein consists of 24 subunits self-assembled into a spherical symmetrical protein shell (Alkhateeb and Connor, 2013). The ferritins from eukaryotes are produced by self-assembly of two subunit types, i.e., L-ferritin chain (19 kDa) and H-ferritin chain (21 kDa). The H-chain is centered by an iron oxidase center, required to oxidize Fe(II) to Fe(III), whereas the L-chain without ferroxidase activity nucleates iron (Bellini et al., 2014). Ferritin counts as a multifunctional protein with iron storage and metabolism. Ferritin is critical for angiogenesis, proliferation and immunosuppression, as demonstrated by growing number of evidence (Alkhateeb and Connor, 2013).

Ferritin is a ubiquitous protein robust extremely: it can be reversibly disassembled in the extremely acidic pH (pH 2–3) or basic pH (pH 10–12) and can be heated at 80°C exerting no deleterious effects (Truffi et al., 2016). These properties as well as its biocompatibility and biodegradability make it a suitable candidate for cancer theranostics (Bhushan et al., 2014).

Ferritin for Cancer Theranostics

The ferritin not only provides a reaction vessel to fabricate numerous non-native metallic NPs inside its core, but also serves as a nanocarrier for various applications (Bhushan et al., 2014). For example, Zn hexadecafluorophthalocyanine (ZnF16Pc), a potent hydrophobic photosensitizer, is well encapsulated into the Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys (RGD4C)-modified ferritins (P-RFRTs) with a loading rate as high as ~60 wt % for effective PDT (Zhen et al., 2013b). The P-RFRTs were further conjugated with ZW800 (a NIR dye molecule) in this work to better track P-RFRTs particles. With the identical approach, the DOX-loaded RGD4C-modified ferritin was also reported (Zhen et al., 2013a). A self-assembly encapsulation strategy based on step-wise change of pH was developed in another report to fabricate ferritin NPs with NIR dye IR820 for fluorescence/PA multimodal imaging-guided PTT (Huang et al., 2014). The IR820-loaded ferritin nanocages can effectively treat and diagnose cancer adopting two different excitation wavelengths, i.e., 550 nm for high quantum-yield fluorescence imaging, and 808 nm for PA imaging and effective PTT. Additionally, CuS was fabricated inside the cavity of ferritin nanocages with a biomimetic and straightforward synthesis strategy (Wang et al., 2016b). The CuS-ferritin has strong NIR absorbance, high photothermal conversion efficiency, good biocompatibility and distinct PA contrast,. Notably, the 64CuS-ferritin theranostic system, as incorporated with radionuclide 64Cu, also served as an excellent PET imaging agent.

The higher level of L-ferritin in tumor versus normal tissue has been observed in some malignancies tissues like breast cancer, colon cancer, pancreatic cancer and testicular seminoma (Alkhateeb and Connor, 2013). High amount of L-ferritin is usually associated and bound with intensified expression of the L-ferritin receptor that mediates ferritin endocytosis. The higher the expression of L-ferritin receptors, the more intensified uptake of L-ferritin in breast cancer MCF-7 cells (Geninatti Crich et al., 2015). Based on this, a ferritin-based nanotheranostic system has been further developed to simultaneously deliver a MR contrast agent GdHPDO3A and a natural anticancer molecule curcumin (Geninatti Crich et al., 2015). The theranostics system selectively delivered therapeutic and imaging agents to breast cancer cells. In a follow-up study, L-ferritin was found to target breast cancer stem cells (Conti et al., 2016). In this regard, ferritin was further exploited to deliver curcumin and the GdHPDO3A MR contrast agent simultaneously for breast cancer stem cells (Conti et al., 2016). In a very recent report (Turino et al., 2017), multifunctional theranostics system was developed through coating poly (lactic-co-glycolic acid) NPs (PLGA NPs) with L-ferritin to increase their targeting capability to breast cancer MCF-7 cells. The L-ferritin functionalized PLGA NPs loaded with an amphiphilic Gd based MR contrast agent and PTX for MR imaging guided chemotherapy. In addition to this, ferritin coating makes PLGA NPs more stable, thus avoiding the non-specific and fast release of therapy/diagnosis agents before reaching the targeted sites.

Hollow structure make the ferritin become an ideal carrier, however, after loading therapeutic agents, the slight change in conformation and activity might take place. The toxicity of ferritin-based NPs should be studied carefully as other NPs. Also, the surface-modified ferritins may be recognized as foreign substances. Therefore, when surface targeting ligands were needed, the grafting density are important factors to be considered.

GELATIN-BASED NANOFORMULATIONS

Gelatin and Its Properties

Gelatin is a polyampholyte protein having both anion and cation along with hydrophobic groups (Elzoghby, 2013). Gelatins have repeating sequences of proline, alanine, and glycine amino acid triplets, which are essential for gelatin (Sahoo et al., 2015). They are obtained from alkaline-, acid- or enzymatic- hydrolysis of collagen. These chemically treated gelatins have varying isoelectric points, i.e., 4.5–6.0 for alkaline treatment and 7–9 for acid treatment (Patel et al., 2008; Ninan et al., 2011). In addition, anticancer agent release profiles from gelatin protein can be controlled through changing the molecular weight, gelatin source and the crosslinking degree (Foox and Zilberman, 2015). Gelatin is natural, biocompatible, biodegradable, water permeable, non-toxic, and soluble in water (Nezhadi et al., 2009). As a delivery carrier of therapeutic/diagnostic agents, gelatin has been revealed multifunctional properties, enabling the development and design of versatile theranostics.

Gelatin for Cancer Theranostics

Gelatin has native hydrophobic and hydrophilic segments in each single polypeptide chain, enabling itself a conducive coating agent for various metal NPs (Li et al., 2013; Cheng et al., 2014; Tran et al., 2017b). For example, a theranostic system was developed through coating iron oxide NPs with self-assembled gelatin (abbreviated as AGIO) (Li et al., 2013). In the meantime, calcium phosphate (CaP) and anticancer DOX could be loaded on gelatin by electrolytic co-deposition technique. The fabricated AGIO@CaP-DOX NPs had efficient MR contrast, superior cytocompatibility and potent cellular internalization toward HeLa cells. A gelatin coated multifunctional nanosystem, with oleylamine-coated Fe3O4 NPs core, amphiphilic gelatin shell, and fluorescent labeling molecules FITC and antitumor platinum(IV) prodrug, was elaborated for fluorescence and MR imaging guided chemotherapy (Cheng et al., 2014). Most recently, oleic acid and gelatin were adopted to modify a silica-coated iron oxide magnetic NPs, which was demonstrated to encrease biocompatibility and solubility of iron oxide magnetic NPs and facilitate treatment-response monitoring of the tumors (Tran et al., 2017b). Particularly, the oleic acid and gelatin coated NPs enables the hydrophobic anticancer drug PTX to be loaded into the lipophilic oleic acid-gelatin shell. The synthesized theranostic system have high r2 value, low cellular toxicity, high drug delivery efficacy and well anticancer efficacy in vitro. The pharmacokinetics, bio-distribution, tumor diagnostic and antitumor efficacy of the theranostic system in vivo were studied in a follow-up study to further confirm its potential in clinical applications (Tran et al., 2017a).

Beside iron oxide NPs, gold NPs are commonly coated with gelatin to increase their stability and biocompatibility. For example, a gelatin-coated gold NP-based nanostructure was developed for fluorescence imaging-guided chemotherapy (Tsai et al., 2016). The gelatin was firstly covalent conjugated with DOX, and then coated onto the epigallocatechin gallate (EGCG)-functionalized Au NPs. Here, DOX serves both as an anticancer drug and a fluorescent indicator. The attained DOX-gelatin/EGCG Au NPs exert an apparent inhibitory effect on the proliferation of human prostate cancer cells (PC-3) and can trace the intracellular enzyme-induced release of DOX through measuring the recovery of the DOX fluorescence signal. The covalent conjugation of DOX to nanocarriers may cause problems, e.g., insufficient in vivo release and decreased drug activity (Suarasan et al., 2016). A new temperature- and pH-responsive theranostic system was developed on the basis of DOX non-covalently bound to biosynthesized gelatin-coated Au NPs (DOX-AuNPs@gelatin) (Suarasan et al., 2016). The fabricated DOX-AuNPs@gelatin would be an ideal agent for cancer theranostics based on its good biocompatibility, high DOX loading capacity via non-covalent complexation and effective DOX release under the tumor environment.

Recently, angiopep-2 modified gelatin-based core-shell NPs (Angio-DOX-DGL-Gel-NP) have been designed to increase the tumor targeting efficiency, tumor retention and tumor penetration (Hu et al., 2015). In this system, the shell consisted of dendrigraft poly-lysine linked with angiopep-2 and DOX, whereas the core was made up of gelatin NPs degraded by matrix metalloproteinase-2. Fluorescence imaging-guided chemotherapy showed enhanced antitumor effects in vitro and in vivo,

Gelatins are used as carriers in versatile drug delivery systems, form nanoparticles to microparticles (Foox and Zilberman, 2015). Small drug molecules or large bioactive molecules were easily entrapped into gelatins and released in a controlled manner. However, the cancer theranostic platforms based on gelatin didn't attract much attention. In our opinion, the gelatin-based NPs are promise cancer theranostics, especially in oral administration and brain delivery.

TRANSFERRIN-BASED NANOFORMULATIONS

Transferrin and Its Properties

Transferrin is a monomeric glycoprotein with 679 amino acids and a large molecular weight of approximately 79 kDa (Parkkinen et al., 2002; Gomme et al., 2005). The molecule is protected by 3 carbohydrate side chains, one of which is O-linked (Ser-32) and the other are N-linked (Asn-413 and Asn-611) (Gomme et al., 2005). The polypeptide chain falls into two structurally similar lobes, known as the C-lobe (343 amino acids) and N-lobe (336 amino acids), which are connected by a short linear spacer sequence (Brandsma et al., 2011). Each lobe consists of one reversibly binding site for ferric iron with nearly 1022 M−1 affinity at pH 7.4 (Aisen et al., 1978). The major biological function of transferrin is to distribute and control circulating Fe, which is required for numerous biological processes, including cellular metabolism and proliferation, DNA synthesis, electron transfer, and oxygen transport (Dufès et al., 2013; Tortorella and Karagiannis, 2014). Particularly, transferrin specifically binds transferrin receptors (TfRs) on cell surface, forming a transferrin-TfR complex, and gets internalized by receptor-mediated endocytosis (Szoke and Panteghini, 2012; Dufès et al., 2013). Meantime, overexpression of TfRs has been observed in various cancer cells, including breast carcinoma, glioblastoma, melanoma, ovarian carcinoma and colon carcinoma (Calzolari et al., 2007; Tros de Ilarduya and Düzgüneş, 2013).

Transferrin for Cancer Theranostics

As a promising tumor targeting ligand, transferrin is frequently adopted to facilitate targeting delivery of theranostics. For example, transferrin–functionalized graphene quantum dots were developed to track and image tumor cells expressing the TfRs (Chen et al., 2013). In the meantime, the anticancer drug, DOX, was adsorbed on graphene surface in the system via hydrophobic interactions and π-π stacking, which could be used for fluorescence imaging-guided chemotherapy. Another transferrin-conjugated PEGylated fluorescent nanodiamond with Dox payload was developed, and its targeting ability and chemotherapeutic potential were investigated in the human hepatoma (HepG2) cell lines with overexpression of TfRs and normal cell lines (L-02) with low-expression of TfR, respectively (Wang et al., 2014a). A transferrin conjugated theranostic micelles of D-alpha-tocopheryl PEG 1000 succinate (TPGS) were synthesized, containing both ultra-bright gold clusters as a model imaging agent and docetaxel as anticancer drug for synchronous cancer imaging and therapy (Muthu et al., 2015). The transferrin conjugated micelles, compared with the non-transferrin functionalized theranostic micelles, showed higher cellular uptake, higher cytotoxicity in MDA-MB-231-luc breast cancer cells. In a follow-up study, a transferrin decorated TPGS coated theranostic liposomes was further developed for targeted co-delivery of quantum dots and docetaxel for imaging-guided chemotherapy of brain cancer (Sonali Singh et al., 2016). Indeed, the transferrin decorated theranostic liposomes, compared with the non-transferrin targeted preparations, showed an improved and prolonged brain targeting of quantum dots and docetaxel. In addition, rattle-type theranostic NPs of mesoporous silica-coated Fe3O4 were develop by conjugating transferrin for targeted co-delivery of NIR dye (Cy7) and hydrophobic anticancer drug PTX for NIR/MR bimodal imaging guided chemotherapy (Jiao et al., 2015).

Recently, transferrin and nuclear-targeted TAT peptide (YGRKKRRQRRR) conjugated magnetic NPs were proposed for PTT application (Peng et al., 2017). Magnetic NPs is pre-conjugated with transferrin and TAT peptide, and then bound to NIR dye Cy7. The theranostic system can efficiently target cancer cell nucleus and facilitate the NIR and MR imaging-guided PTT. A core-shell theranostic system UCNP core (NaYF4:Gd3+, Yb3+, Er3+) was developed, taking advantage of efficient NIR-to-visible up-conversion capability and increased tumor targeting ability and biocompatibility (Wang et al., 2017a). In the meantime, a clinically approved PTT agent, protoporphyrin IX, was loaded into the transferrin shell, being able to be drawn upon by cancer cells for efficient PDT with NIR irradiation and luminescence bio-imaging. A new strategy (diffusion molecular retention tumor targeting effect) was developed to fabricate tumor-targeted theranostic system for PA imaging-guided chemotherapy/photothermal with synergistic effect (Hou et al., 2017). In this study, hollow mesoporous CuS NPs (HMCuS NPs) were conjugated with transferrin and iron-dependent artesunate (AS), an effective anticancer drug. In this regard, the attained AS/Transferrin-HMCuS NPs facilitated local drug accumulation and retention, targeted to breast cancer MCF-7 cells specially via TfR-mediated endocytosis, combined chemotherapy-phototherapy synergistically, and eventually improved the anticancer effect.

Transferrin is not only a conducive targeting ligand, but also able to load imaging and/or therapeutic agents. For example, a simple, effective and safe self-assembly strategy was developed to fabricate transferrin NPs with NIR dye IR780 (Transferrin-IR780 NPs) for targeted imaging and phototherapy of cancer (Wang et al., 2016a). The fabricated Transferrin-IR780 NPs had advantages on potent photo-stability, narrow size distribution as well as prominent photothermal conversion efficiency, and exhibited pronounced targeting and theranostics potential. A conjugate of transferrin, NIR dye Cy5.5 and cytotoxic chelating agent (NNE3TA:2,2′-(7-(2-((carboxymethyl)(4-nitrobenzyl)amino)ethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid) (NNE3TA-Transferrin-Cy5.5) was developed to treat and detect cancers (Kang et al., 2016). Targeted iron chelation cancer therapy and NIR imaging were demonstrated effectively in vitro with NNE3TA-Transferrin-Cy5.5. Most recently, a drug-induced transferrin self-assembly strategy is developed to fabricate tumor-targeted NPs for fluorescence and PA dual-modal imaging-guided PTT of glioma (Figure 4) (Zhu et al., 2017). In this system, transferrin could effectively load ICG via hydrophobic interaction and hydrogen bonding. Specifically, the preparation method is safe, simple and mild without the use of any toxic reagents. The obtained Transferrin-ICG NAs showed effective active tumor-targeting, good biocompability, prominent dual-modal imaging as well as PTT efficacy, and could be adopted for theranostics of both subcutaneous and orthotopic brain tumors.
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FIGURE 4. Schematic illustration of holo-Transferrin-ICG complex for dual-modal imaging-guided cancer photothermal treatment in vivo. Reproduced with permission (Zhu et al., 2017). Copyright (2017) American Chemical Society.



Notably, transferrin was employed not only as an delivery vehicle but also as a targeting agent in these works. It has been reported than transferrin-functionalized silica NPs lost targeting abilities completely in serum-rich media, due to shielding effects of the adsorbed proteins (Salvati et al., 2013). The bioavailability of the large transferrin determines the targeting functionality in complex biological media. It is a challenge to maintain the targeting efficiency of transferrin-based NPs in vivo.

OTHERS

With the exception of the foregoing proteins, several other proteins, e.g., silk fibroin (Bian et al., 2016; Khalid et al., 2016; Liu et al., 2016), zein (Wang et al., 2017b), lipoprotein (Mathew et al., 2013; Alberti et al., 2015) and lactoferrin (Kamalapuram et al., 2016; Kanwar et al., 2016), have also been successfully employed for cancer theranostics, as detailed in Table 1. For instance, multimodular zinc-doped Fe3O4-saturated bovine lactoferrin NPs (Zn-Fe-bLf NPs) were fabricated for a targeted theranostics application through oral administration (Kamalapuram et al., 2016).

Although natural proteins were used in most studies, the disadvantages of these protein-based platforms were obvious, such as poor permeability, ease of degradation, and potential immune responses. Moreover, after functionalization or conjugation of other molecules, the protein properties and functions might be altered. In recent years, encapsulation of proteins by in situ polymerization was developed as an alternative strategies for protein modification (Ye et al., 2016b). The protein nanogels were obtained by incorporation of cross-linkers to protein surface and polymerization. Such protein nanogels can maintain the protein properties and functions in complex chemical or biological environment, and avoid the immunogenicity of proteins. The out layer polymers were cleavable and degradable, while the inner proteins could be released by internal and external stimuli. Numerous therapeutic proteins have been developed using this method for cancer therapy (Ye et al., 2016a, 2017).

CONCLUSION AND PROSPECTS

Natural proteins as biocompatible nanocarriers are broadly adopted in delivering therapeutic and diagnostic agents simultaneously. These nanoformulations are fabricated progressively complex and “smart” to employ multi functions in one platform. To increase the accuracy of diagnostic and the efficiency of cancer therapy, “all-in-one” nanoplatforms are designed with more than two imaging strategies and more than two therapeutic methods. Surface modification with targeted molecules and controlled drug release are employed to spatially control the localization of administered NPs. The improved efficiencies in tumor imaging and ablation are verified both in vitro and in vivo. Despite these huge advances, the translation of natural protein nanoplatforms from laboratory to clinical trials remains an enormous challenge. More efforts should be made to improve the NP reproducibility, colloidal stability in biological environments, and drug-loading efficiency. Furthermore, live and spleen accumulation is a big barrier in clinical translation of all types of NPs. Accordingly, more understanding of bio-nano interactions is required, while more data of pharmacokinetics should be collected and analyzed. Long-term toxicity of nanoformulation is not well evaluated. In addition to mouse model, more animal models, e.g., beagle dogs, monkeys and gorillas, should serve for assessing the long-term toxicity and therapeutic effect. Engineering complex particles with multiple functions are currently achieved by chemists. Accurate diagnose of early stage of tumor and precision drug delivery to tumor site should be more considerable in the future developing of protein-based cancer theranostics.
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Nanomedicines can be used for a variety of cancer therapies including tumor-targeted drug delivery, hyperthermia, and photodynamic therapy. Poly (lactic-co-glycolic acid) (PLGA)-based materials are frequently used in such setups. This review article gives an overview of the properties of previously reported PLGA nanoparticles (NPs), their behavior in biological systems, and their use for cancer therapy. Strategies are emphasized to target PLGA NPs to the tumor site passively and actively. Furthermore, combination therapies are introduced that enhance the accumulation of NPs and, thereby, their therapeutic efficacy. In this context, the huge number of reports on PLGA NPs used as drug delivery systems in cancer treatment highlight the potential of PLGA NPs as drug carriers for cancer therapeutics and encourage further translational research.
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INTRODUCTION

The field of nanomedicine, which refers to the application of nanotechnology in medicine, offers valuable tools for the diagnosis and treatment of diseases. In this regard, a wide range of submicron materials has been designed and engineered, especially for defeating cancer. Its applications expedite the development of contrast agents, therapeutics, drug delivery vehicles and theranostics. Nanoparticles (NPs) for drug delivery applications have been composed of biodegradable and biocompatible polymers based on natural and/or synthetic materials. Synthetic polymers can be produced with high purities in a precise and well-controlled production process, as compared to natural products (Lai et al., 2014).

One extensively investigated polymer is poly (lactic-co-glycolic acid) (PLGA), synthetic thermoplastic aliphatic biocompatible polyester. There are specific formulations based on PLGA and its related homopolymers; poly (lactic acid) (PLA) and poly (glycolic acid) (PGA), which have been approved by the US Food and Drug Administration (FDA) for medical applications (Pandey et al., 2015). PLGA NPs have also proved their potential as drug delivery systems for many therapeutic agents (e.g., chemotherapy, antibiotics, antiseptic, anti-inflammatory and antioxidant drugs, proteins), and can be favorable for tumor- and/or DNA-targeting (Danhier et al., 2012; Berthet et al., 2017).

Scientists are trying to find new and different methods of NPs preparation and modification to gain tight control over PLGA degradation, drug release, and other characteristics. In this regard, researchers are evaluating various targeting strategies including, e.g., active targeting moieties to improve the retention of NPs at the target site. However, the correlation between PLGA NPs’ physicochemical properties, targeting strategies and treatment modalities on cancer therapy resemble a complex puzzle like a Rubik’s cube. As illustrated in Figure 1 it is not possible to move (and change) one brick without moving a whole plane. On the upper face of the cube, we illustrate polymers’ properties, and NPs’ features that correlate with, e.g., NPs size, which is determined by the molecular weight of the polymer (Mw), charge, coiling, and the type of surface modification. Moreover, any change in lactic acid (LA)/glycolic acid (GA) ratio varies the crystallinity and hydrophobicity of the formulation.
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FIGURE 1. Interplay between various factors relevant to the design of PLGA-based NP formulations. The factors that are contributing to a successful cancer treatment by PLGA NPs are represented as a Rubik’s cube. Passive targeting is the cornerstone of the all targeting strategies (right side) beside other strategies like specific cancer cell- or endothelial cell targeting. Moreover, internal (e.g., pH) and external (e.g., heat, magnetic field) stimuli can be used for targeted delivery. Polymer and NPs properties such as size, molecular weight, hydrophobicity (upper side) play a role to formulate suitable carriers to deliver the drugs to the cancer site. On the left side, applications of PLGA NPs are reported, of which the use as a chemotherapeutic cargo is most common.



While a Rubik’s cube can be solved by defined algorithms, analog algorithms do not yet exist for the design of drug delivery systems due to its high complexity. Optimizing and altering chemical parameters will as well influence the other parts of the puzzle. Polymers’ properties and NPs features can affect the choice of the targeting strategy, and vice versa. For example, an external stimuli-based targeting strategy facilitates the tumor retention of NPs but it can exacerbate the size and might stimulate uptake by the mononuclear phagocytic system (MPS) (Kunjachan et al., 2014; Al-Jamal et al., 2016). Those changes in biodistribution and pharmacokinetics are the “hidden” faces of the cube, which can only be manipulated to a certain (rather low) extent via co-medication or interventions, e.g., sonoporation (Dasgupta et al., 2016; Dimcevski et al., 2016; Koczera et al., 2017) or in vivo modulation of oxidative stress via administration of buthionine sulfoximine (BSO), an inhibitor of the antioxidant glutathione (GSH). GSH neutralizes reactive oxygen species (ROS) and its depletion cannot only prevent premature degradation of a redox-sensitive nanoformulation but can also serve as a hypoxic cell sensitizer in combination with radiation and some chemotherapeutic drugs (Drude et al., 2018; Miran et al., 2018).

However, even a regular Rubik’s cube does not represent the full complexity: in drug targeting with nanomedicines some blocks are connetced and this connection might even increase or decrease until a very late stage of a given study to reach the optimal treatment outcome.

In this review article, we will address the displayed aspects of this cube for PLGA-based NPs and we will discuss how they can be tailored by synthesis methods as well as strategies for drug delivery with PLGA to improve cancer treatment.

PLGA PROPERTIES

Poly (lactic-co-glycolic acid) is one of the best characterized biodegradable copolymers that decomposes to non-toxic products (H2O and CO2) that are eliminated from the body. Its polymeric NP degrades in vivo through hydrolysis of the ester bonds to its monomeric anions (lactate and glycolate). While D-Lactate is not further metabolized before excretion, L-lactate is converted into CO2, which is excreted through the lungs and it is converted to pyruvate, which enters the Krebs cycle. Glycolate on the other hand is either directly excreted through the renal system or it can be oxidized to glyoxylate, which is afterward further converted into glycine, serine, and pyruvate. The latter can again enter the Krebs cycle and is metabolized into CO2 and H2O. (Danhier et al., 2012; Silva et al., 2015). Typically, PLGA is produced by a catalyzed ring-opening copolymerization of LA and GA (Dechy-Cabaret et al., 2004). PGA is a crystalline hydrophilic polymer with low water solubility and fast degradation rate under physiological conditions. On the contrary, PLA is a stiff and hydrophobic polymer with low mechanical strength. As a copolymer of both, PLGA inherits the intrinsic properties of its constitutional monomers where the polymeric content, based on LA/GA ratio and Mw, strongly affect its degradation rate. For example, with an increase in the LA/GA ratio, the overall PLGA hydrophobicity increases, which leads to lower degradation and thus slower drug release rate (Engineer et al., 2011). Furthermore, the final Mw of the polymer also influences the degradation and drug release kinetics of the resulting formulations; i.e., with a decrease in the Mw, degradation as well as drug release rates both increase (Xu et al., 2017). Next, degradation, release kinetics, and the Mw also correlate with the size of the resulting NPs formulate. These are crucial factors for the therapeutic performance of PLGA NPs. Despite the higher drug loading potential of larger sized formulations, achieving a lower nano-size range is essentially important for the ability of the NPs to overcome biological barriers and to reach the disease site. In this context, a study pointed to the impact of the Mw of four 1:1 (LA:GA) PLGA copolymers with different Mw of 14.5, 45, 85, and 213 kDa on polymeric degradation and release rate (Mittal et al., 2007). With increasing Mw, the PLGA NPs degradation as well as its drug release decreased with a payload release under physiological conditions on day 18 of 95, 66, 50, and 23%, respectively. In addition it has been observed that the is higher the Mw of PLGA (6, 14.5, 63.6 kDa), the bigger is the size of NPs loaded with paclitaxel (PTX) (122 ± 3, 133 ± 2, 160 ± 2 nm) and also of NPs without PTX (117 ± 2, 132 ± 2, 159 ± 3 nm) (Fonseca et al., 2002; Song et al., 2008). LA/GA ratio is an effective parameter in tailoring degradation time and drug release rate. The higher the GA content, the faster the resulting degradation rate (Xu et al., 2017). Vice versa the drug release is prolonged with an increase in LA content (LA/GA: 50/50, 75/25 showed faster release kinetics then 100/0) (Horisawa et al., 2002). Hence, these polymeric characteristics, as well as their size, are important to tailor hydrophobicity, drug loading efficacy, and the pharmacokinetic profile of PLGA formulations.

Another important factor that affects the outcome of cancer treatment is the shape of PLGA NPs. Up to date, rod- (Bowerman et al., 2017), needle- (Kolhar et al., 2011), and cylindrical- (Chu et al., 2013) NPs have been synthesized and compared with the most frequently used spherical-shaped PLGA NPs regarding cellular uptake, internalization, biodistribution, and blood half-life. For instance, the needle-shaped PLGA NPs seem to more efficiently cross endothelial cell membranes, and deliver siRNA into the cellular cytoplasm (in vitro) as compared to their spherically shaped analogs. The mechanism of uptake is not yet fully understood but was narrowed down to three possible pathways: endocytosis, direct delivery and/or membrane portion with possible membrane disruption. The internalization was 150% higher with a threefold increased silencing efficacy compared to the spherical counterparts (Kolhar et al., 2011). However, the needle-shaped PLGA NP can also induce considerably cytotoxicity. After endocytosis the needle-shaped particles are in the lysosomes where they can damage the lysosomal membrane and by this activate apoptosis signaling pathways and finally induce cell apoptosis (Zhang et al., 2017).

Furthermore, cylindrical docetaxel (DTX)-loaded PLGA NPs accumulated less in liver, spleen, and lung in comparison with the free drug and DTX-loaded spherical NPs (Chu et al., 2013). Likewise, the shape of PLGA copolymer structure can influence the efficiency of drug encapsulation. Tao et al. (2013) demonstrated that star-shaped PLGA copolymer show higher DTX encapsulation efficiency (97%) compared to linear block copolymers (83%).

Next to the intrinsic properties of PLGA NPs, their surface modification plays an important role with respect to targeting strategy, biocompatibility, and blood half-life. The latter can particularly be increased when PLGA is combined with other polymers such as polyethylene glycol (PEG), polyvinyl alcohol (PVA), and d-α-tocopheryl PEG 1000 succinate (TPGS). Surface modification with, e.g., PEG (PEGylation) increases the hydrophilicity of the formulation yielding a stealth particle with enhanced blood circulation time and improved pharmacokinetics by preventing opsonization, and uptake by the mononuclear phagocyte system (Vllasaliu et al., 2014; Turecek et al., 2016). However, due to the same reasons, the cellular uptake by target cells (which might be mandatory depending on the treatment) might as well be decreased and the targeting capabilities of those particles are strongly dependent on the exact chemical composition of the surface. For instance, Khalil et al. synthesized curcumin (CUR)-loaded PLGA NPs with and without PEGylation via single emulsion solvent-evaporation technique and compared both formulations with the free drug, showing that PEGylation could improve the pharmacokinetic properties of the drug and the PLGA particle. The CUR biological half-life after per os administration was also increased for PEGylated PLGA NP formulations compared to non-PEGylated ones and the bioavailability of the loaded CUR could be increased by 55.4 times. However, despite improved pharmacokinetics, the stealth PEG-PLGA NP showed a slightly faster release of the drug as the PLGA NPs (Khalil et al., 2013). Another study by Bertrand et al. (2017) investigated, the impact of the PEG density on blood circulation times for various NPs sizes (55, 90, and 120 nm) with varying PEG density on the PLGA surface. Interestingly, results have shown that above a certain threshold of repeating units and Mw of the PEG chain (20 PEG chains (5 kDa) per 100 nm2) the circulation times of the PEG5 kDa-PLGA NPs were dependent on the PEG density rather than the size of the PLGA NP. This effect might be attributed to the shielding properties of the densed PEG surface and the resulting hydration of the PLGA NP. However, a further increase of the PEG density did not show an additional benefit, thus indicating that surface modification can solely alter the biodistribution to a certain extent. On the contrary, PEGylation can promote PLGA NPs degradation and consequently accelerates the loaded drug release. This phenomenon is attributed to the hydrophilic nature of PEG chains that absorb water and stimulate the decomposition of PLGA chains (Rafiei and Haddadi, 2017). Thus, PLGA properties can be further tuned by the introduction of “third party” components as shown for surface modification with stealth polymers. With respect to active targeting approaches, the attachment efficacy of targeting ligands to the NPs and their targeting specificity may vary. Besides the requirement of multiple production steps, their therapeutic effect is often less fruitful than expected. For instance, a previous study performed with prostate-specific membrane antigen (PSMA)-targeted PLA/PLGA-NPs containing DTX showed that the effect of active targeting was not as high as expected (Hrkach et al., 2012). This could be explained by, e.g., PEGylation. Backfilling of the targeted NP with hydrophilic polymers can cover and hide the targeting ligand, and by thus hindering it’s binding. Furthermore, incorporation of a targeting moiety might cause size enlargement in NPs and thus, may reduce its ability to cross biological barriers (such as the vascular wall and the extravascular stroma) and/or simultaneously increase the uptake by MPS (Lammers et al., 2012).

PLGA-BASED NPs PREPARATION METHODS

The production techniques of NPs play an important role in their final features such as the shape, size, size distribution, and stability. A wide range of techniques have been used for PLGA-based NPs synthesis such as (single- or double-) emulsification, nanoprecipitation, dialysis, and spray drying. Herein, we highlight the most frequently used approaches (Figure 2) in the production of PLGA-based drug delivery nano-sized systems. For detailed information on rather sophisticated techniques, the reader can refer to previous publications (Sharma et al., 2016; Ding and Zhu, 2018).
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FIGURE 2. Illustration of PLGA NPs production methods and their advantages and disadvantages. (A) emulsification-evaporation, (B) salting-out, (C) nanoprecipitation, (D) microfluidic-assisted method.



Emulsification-Evaporation Method

Emulsification is the most commonly used method for PLGA NPs production, where the drug dissolved in a volatile organic solvent is added to an aqueous phase containing surfactants under continuous stir. Subsequently, evaporation is applied to achieve the oil/water (O/W) emulsion form (Figure 2A). This procedure can be further followed by adding the resulting (O/W) emulsion to another aqueous solution to form a water/oil/water (W/O/W) (Kamaly et al., 2016; Masood, 2016). Alternative types of advanced emulsion techniques used for PLGA-based microparticle production based on W/O1/O2 or solid/oil/water (S/O/W) (Ramazani et al., 2016). For hydrophilic drugs the encapsulation efficiency is lower than in single emulsion compared to double- or multiple-emulsion techniques (Mendoza-Muñoz et al., 2016). The polymer concentration and evaporating step determine the NPs size. The higher the concentration of polymer in the discontinuous phase, the larger the size of the resulting particles. This method aims at the incorporation of a wide range of drugs, as well as, contrast agents (i.e., iron oxides) or the co-encapsulation of both substances in one formulation (Acharya and Sahoo, 2011; Lai et al., 2014; Mirakabad et al., 2014; Pérez et al., 2014; Shubhra et al., 2014). Despite the relatively poor loading of temozolomide in PLGA NPs, the single emulsion method performed best with respect to encapsulation efficiency compared with other preparation methods (Ananta et al., 2016). The pitfall of this commonly used method is the presence of surfactant residues on the NPs surface even after several washing steps (Pérez et al., 2014).

Salting Out Method

In the salting-out method, a solution consists of polymer, drug, and a water-miscible organic solvent, which is added to an aqueous phase where salt and stabilizer are dissolved and stirred to form an emulsion (Figure 2B). The sudden introduction of water content causes the organic solvent to diffuse into the water and leads to NP formation (Mirakabad et al., 2014). The method is favorable for high concentrations of the polymer and also applicable to heat-sensitive drugs/agents since heat is not required during the process (Mir et al., 2017). However, it is not suitable for lipophilic drugs and its purification procedure is time-consuming since it requires several washing steps to remove stabilizers (Dinarvand et al., 2011).

Sengul et al. reported a method combining the salting out and emulsification approach to encapsulate meloxicam in PLGA NPs with varying Mw (PLGA (50:50 ratio), 5–15 and 40–75 kDa). In this context, the PLGA polymer with higher Mw produced the most stable NPs (Sengel-Turk et al., 2012).

Nanoprecipitation Method

If a solution that consists of polymer, drug, and water-miscible organic solvent is added drop wise to an aqueous solution, the resulting precipitation process results in NPs (Figure 2C). This method is a straightforward single-step process with high reproducibility and was initially applied for hydrophobic drugs. Its advantages are scalability and low energy requirement where the NPs properties depend on polymer content and Mw, the nature of the solvents, and the ratios accompanied by mixing rate (Miladi et al., 2016). PLGA NPs (with various surface modifications such as PEGylation) and targeted PLGA NPs were prepared with this method and used to deliver anticancer drugs to the tumor site (Danhier et al., 2009; Valencia et al., 2012; Almoustafa et al., 2017). Further adjustments like pH variation and incorporation of salt additives and/or oil solutions have been applied to improve encapsulation efficiency (Rivas et al., 2017). For example, replacing water with cottonseed oil and Tween-80 as non-solvent made it possible to load hydrophilic drugs in PLGA NPs (Dalpiaz et al., 2009, 2016). In addition an increase in pH from 5.8 to 9.3 and exchanging procaine hydrochloride with procaine dehydrate resulted in an increase in drug entrapment from 11.0 to 58.2% (Govender et al., 1999). Niu et al. (2009) increased the encapsulation efficiency (>95%) of DNA into PLGA NPs with a modified nanoprecipitation method in which protein and polymer solution in DMSO nanoprecipitated in an aqueous solution of plaxomer. The authors also claimed that this method could outperform the conventional emulsion-evaporation techniques (encapsulation efficiency ∼65%). Moreover, Alshamsan (2014) showed that nanoprecipitation is more efficient than emulsion-based methods in encapsulating cucurbitacin I in PLGA.

Microfluidics-Assisted Method

In microfluidic systems, small volumes (micro- or nano-liter) of liquids are processed in microchannels to achieve better results in comparison with the conventional bulk system. Depending on the type of reagents flow, microfluidic systems can be classified into two general types, (1) continuous-phase flow, and (2) segmented/droplet-phase flow microfluidic systems. The continuous phase flow microfluidics can be used to produce PLGA particles in the nanoscale while particles produced by segmented flow are typically in the micron size range. To produce PLGA nano-scale particles by continuous phase flow, an organic mixture of polymer and drug is assisted by a flow of aqueous phase solution on both sites along the microchannel, and the precipitation takes place in the organic phase (Figure 2D). PLGA NPs produced by microfluidic systems have several advantages; narrow size distribution, well-controlled NP synthesis by controlled reaction time and temperature, improved heat and mass transfer, expedited synthesis, and an overall high reproducibility rate from batch-to-batch (Valencia et al., 2011; Li and Jiang, 2018). Moreover, microfluidically produced NPs have a compact morphology, which can hinder initial burst release (Hasani-Sadrabadi et al., 2015). There are reports on microfluidic systems for the synthesis of various PLGA NPs (e.g., PEGylated, lipid coated and targeted NPs) (Valencia et al., 2013b) for anticancer drug loading ranging from simple two dimensional (Dashtimoghadam et al., 2016; Bramosanti et al., 2017), to more complex 3D (Kranz et al., 2000), and also origami designs (Sun et al., 2013).

DRUG TARGETING

Typically, cancer therapies involve the systemic administration of drugs into the body or its oral uptake, both of which can damage healthy tissues by significant off-target accumulation and thus, generate serious side effects. Off-target accumulation limits the dosage that can be administered. To overcome this limitation, various targeting strategies are being investigated.

Passive Targeting

Tumor accumulation of nanoformulations is first and foremost based on the enhanced permeability and retention (EPR) effect. A leaky, permeable tumor vasculature in combination with the lack of functional lymphatic drainage is a pathophysiological phenomenon, which leads to an enhanced accumulation of nanosized molecules in tumor tissue (Maeda et al., 2001). PLGA NPs characteristics such as high stability and tunable prolonged blood circulation time are ideal to use this so-called passive targeting approach (Danhier et al., 2012; Wicki et al., 2015).

This passive targeting strategy has been applied for PLGA-based NPs encapsulating chemotherapeutics (Figure 3A) such as doxorubicin (DOX) (Park et al., 2009), PTX (Figure 3B) (Danhier et al., 2009), cisplatin (Figure 3C) (Mattheolabakis et al., 2009; Moreno et al., 2010), and CUR (Mohanty and Sahoo, 2010) to enhance antitumor activity, prolong circulation time and improve stability of the drug by protecting it from the blood components. For instance, CUR-loaded PEGylated PLGA nanocapsules with castor oil core exhibited increased blood circulation time to overcome CUR’s short half-life in the biological environment (Klippstein et al., 2015). Similarly, the elimination half-life of PEGylated PLGA-NPs loaded with DTX was shown to be 3.7-fold higher than observed for the free drug (Rafiei and Haddadi, 2017). For the passively targeted NPs, phagocytic uptake inversely reflects the blood circulation time since NPs with stealth properties can evade phagocytic uptake and thus circulate longer in the blood. Parveen and Sahoo evaluated PTX loaded PLGA NPs with various surface modifications [a blend of constant Chitosan (12%) and different PEG percentages (5, 10, and 20%) and Mws (2, 6, and 10 kDa)]. Results revealed that NPs with 10% of PEG (Mw = 2 kDa), along with 12% Chitosan were the most efficient NPs in terms of evading phagocytic uptake (Figure 3D) and consequently showed the highest blood circulation time (Parveen and Sahoo, 2011). Moreover, encapsulation of anticancer drugs within the biocompatible polymers and their passive delivery to the tumor site significantly reduced drug side effects. In line with this, also cisplatin encapsulated NPs induced no significant change in body weight and blood urea nitrogen (BUN) plasma levels in tumor-bearing mice (while the free drug resulted in an increase of both parameters) pointing to reduced side effects for the PLGA NPs compared to the free drug. Thus, the encapsulation of antitumor drugs into PLGA NPs not only improves antitumor efficacy but also can significantly reduce the side effects (Moreno et al., 2010).
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FIGURE 3. Examples of passively targeted drug-loaded PLGA NPs. (A) Illustration of a drug-loaded stealth PLGA NP. (B) Antitumor effect of passive targeted PTX-loaded NPs and PTX (Taxol®) on mice with orthotopic hepatocellular carcinomas. Untreated control animals received PBS injection. The control treatments groups received PTX-loaded NPs or PTX only. Highest response was shown for the nanomedicine formulation (∗p < 0.05). Reprinted from Danhier et al. (2009) with permission from Elsevier. (C) The survival rate of colorectal adenocarcinoma HT 29 tumor-bearing mice injected intravenously with cisplatin-loaded PEGylated-PLGA NPs is higher than for the free drug, naive control and vehicle control. Figure reprinted from Mattheolabakis et al. (2009) with permission from Elsevier. (D) Phagocytic uptake efficiency of PTX-loaded PLGA NPs in dependence of the surface modification with different amount of PEG with varying Mw. Results showed that NPs with 10% of 2 kDa PEG Mw, along with 12% CS were most efficient in terms of evading phagocytic uptake and consequently are expected to have the most prolonged blood circulation time (∗p < 0.05). Reprinted from Parveen and Sahoo (2011) with permission from Elsevier.



However, passive targeting has several limitations (Lammers et al., 2012): the heterogeneous vascularization, and permeability, and the highly increased interstitial fluid pressure in many tumors are obstacles that limit the success of passive targeting. These, however, cannot be overcome just via NP adjustment. The EPR effect varies among patients, tumors, tumor types and even changes over time (Shi et al., 2017). This inter- and intra-tumoral variance of the EPR effect encouraged many researchers to question the existence and usefulness of this effect (Danhier, 2016). However, understanding the vascular tumor pathophysiology in more detail can help to address this limitation. For example, imaging protocols, which are able to visualize and quantify the extent of the EPR-mediated tumor targeting in individual patients, or histopathological biomarkers, can be used to predict nanomedicine accumulation and thus to select a responsive patient cohort (Lammers et al., 2012; Danhier and Préat, 2015). To facilitate the translation of NPs into the clinic, and to allow for individualized and improved anticancer nanomedicine therapies, several pharmacological and physical means can be employed to enhance the tumor accumulation and the efficacy of EPR-based nanomedicines. In the class of pharmacological strategies, the most prominent are treatments with drugs, which modulate vascular endothelial growth factor (VEGF) signaling, that act agonistic or antagonistic to angiotensin, enhance the local concentrations of nitric oxide, or, in case of tumor necrosis factor-α (TNF-α), enhance vascular leakiness. Other pharmacological strategies base on vessel promotion, with, e.g., recombinant human erythropoietin (Epo) or cilengitide, both inducing an increase in vessel density and in the relative blood volume and by this enhance drug delivery to the tumor site (Bridges and Harris, 2015; Doleschel et al., 2015; Wong et al., 2015; Nel et al., 2017). Alternatively, physical interventions can be applied including hyperthermia, radiotherapy and sonoporation. Hyperthermia typically leads to an increase in tumor perfusion and to an enhanced vascular permeability, thus promoting drug (and oxygen) supply to tumors (Kong et al., 2001). Radiotherapy can, next to an increase in vascular leakiness (Park et al., 2001), lead to a decrease in cell density within tumors and consequently also to a reduction in interstitial fluid pressure (Znati et al., 1996). In that line, microbubbles (which are routinely used as contrast agents for ultrasound imaging) can also be employed to temporarily increase vessel permeability and perfusion by sonoporation and thus increase drug delivery to the region of interest (Theek et al., 2014).

Active Targeting

To increase the specificity of NPs for the target site and to promote cellular uptake, specific ligands can be attached to the surface of NPs (Figure 4A) that bind to receptors or antigens on tumor cells, the tumor microenvironment or the tumor vasculature (Perez-Herrero and Fernandez-Medarde, 2015).
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FIGURE 4. Examples of actively targeted drug-loaded PLGA NPs. (A) Scheme of a magnetically and molecularly targeted stealth PLGA NP. (B) Tumor growth inhibition was most effective for HeLa xenografted mice treated with DTX-loaded Aptamer-poly(dopamine)-NPs (Apt-pD-NPs) compared to all control groups (NPs: DTX-loaded PLGA NPs; pD-NPs: poly(dopamine) coated-NPs; Apt-pD-NPs: AS1411 aptamer conjugated pD-NPs). Image republished with permission of Dove Medical Press Ltd., from Xu et al. (2016). (C) Tumor volume curves after withdrawing of the different drugs at day 40. Breast cancer tumor-bearing mice were treated with PBS, PLGA NPs, hyaluronic acid-cystamine-PLGA (HA-SS-PLGA), free DOX, DOX-loaded PLGA NPs, DOX-loaded HA-SS-PLGA, free cyclopamine (CYC), CYC-loaded PLGA NPs, CYC-loaded HA-SS-PLGA, DOX- and CYC-loaded PLGA, DOX-and CYC-loaded HA-SS-PLGA NPs. Drug-loaded PLGA-HA particles (HA-SS-PLGA-DOX, HA-SS-PLGA-CYC and HA-SS-PLGA-DOX-CYC) and dual-drug-loaded particles (PLGA-DOX-CYC and HA-SS- PLGA-DOX-CYC) significantly delayed tumor recurrence, while tumors rapidly regrew in case of treatments without CYC. Reproduced from Hu et al. (2015) with permission of The Royal Society of Chemistry. (D) Tumor growth curves (left) and survival rate (right) of colon carcinoma bearing mice treated with either SPIONs/PTX co-loaded PLGA NPs (PT), RGD grafted on PT NPs (RGD), PT NPs with 4 h magnetic targeting (MT), and RGD grafted on PT NPs with 4 h magnetic targeting (RGD + MT). Tumor growth curves show no significant difference between the groups solely treated with active or magnetic targeting, while the combination of both (CityRGD + MT) increased the survival rate significantly (∗p < 0.05 and ∗∗p < 0.01). Tumor growth curves (left) and survival rate (right) reprinted from Schleich et al. (2014) with permission from Elsevier.



Biotin, folic acid, aptamers, antibodies, and peptides are ligands that were used frequently in case of PLGA NPs (Table 1). For instance, DTX-loaded PLGA NPs surface modified with poly(dopamine) (a hydrophilic neutral polymer) and TPGS, functionalized with the DNA aptamer AS1411 improved tumor growth inhibition (Figure 4B) compared to all control groups, namely saline, Taxotere®, DTX-loaded NPs and most importantly passive targeted DTX-loaded poly(dopamine)-NPs. However, active targeting may also induce adverse effects: upon surface modification, circulation time is often decreased due to increased opsonization and recognition by the MPS (Theek et al., 2014). In addition, it has been stated that receptor expression on the tumor cells can change over time and next to pathway switching between different receptors, alternative receptors can be upregulated on the tumor cells (Zhu et al., 2018). These facts encouraged researchers to develop NPs that are targeting receptors that are overexpressed at different tumor cell differentiation states. For instance, hyaluronic acid functionalized NPs bind to the CD44 receptor, which is overexpressed in both breast cancer stem cells and regular cancer cells. These hyaluronic acid-cystamine-PLGA (HA-SS-PLGA) NPs that were loaded with DOX and an inhibitor of the hedgehog signaling pathway of cancer stem cell (cyclopamine) showed superior antitumor activity in vitro and in vivo (Figure 4C) due to internalization into both types of cells. Without combination treatment tumor cells proliferated after withdrawal of the drug in case of treatment with PLGA-NPs loaded with only one of each drugs (Hu et al., 2015).

TABLE 1. Examples of targeted PLGA NPs formulations: targeting ligands, anticancer drugs, polymer molecular weights and NPs sizes along with key results.

[image: image]

Magnetic Targeting

Another (active) targeting strategy for drug delivery is magnetic guidance of NPs to the tumor site. In this approach, NPs are loaded with magnetic NPs, which are accumulated at the tumor site by applying an external magnetic field (Polyak and Friedman, 2009). For instance, Schleich et al. co-loaded SPIONs and the chemotherapeutic drug PTX into PLGA NPs and actively targeted them with RGD to αvβ3 integrins. NPs combining active and magnetic targeting promoted an up to eightfold increase in tumor accumulation compared to passive targeted NPs (no RGD or SPIONs), resulting in a prolonged survival rate of colon carcinoma (CT 26) xenografted mice and an inhibition in tumor growth (Figure 4D). While magnetic targeting improved the accumulation of the NPs in the tumor, penetration and internalization could not be promoted. This was mediated via the EPR effect and cellular uptake could be enhanced via conjugation of RGD mediating NPs’ binding to αvβ3 integrins on the tumor cells (Schleich et al., 2013, 2014).

In a similar approach, Al-Jamal et al. (2016) showed tumor growth inhibition in CT26 colon cancer tumor-bearing mice after magnetically targeted drug delivery of long circulating PEGylated-PLGA nanocapsules (NCs) co-loaded with DTX and varying amounts of SPIONs (0–7% w/w). They also reported that with increasing SPION load, the >200 nm sized NCs showed an increased uptake by liver and spleen, lower blood circulation time, and decreased tumor accumulation. Within the investigated period tumor uptake was significantly higher for tumors that were exposed to a magnetic field compared to tumors that were not exposed while the overall biodistribution of the NCs was not significantly altered by the magnetic field. All investigated NCs showed less systemic toxicity compared to the free drug. Moreover, they computed the magnetic, viscoelastic, convective and diffusive forces and extrapolated the observed efficiency from the rodent experiment to the human body (Al-Jamal et al., 2016).

Cui et al. (2016) evaluated a combination of chemotherapeutics (PTX and CUR) along with magnetic NPs encapsulated in PEGylated PLGA and active targeting with a transferrin receptor binding peptide. In line with the results reported previously, the authors reported that the combination of active and magnetic targeting increased the NPs accumulation and cellular uptake. In detail, a more than 10-fold higher tumor accumulation and improved crossing of the blood–brain barrier by fivefold was achieved in an orthotopic glioma model compared with non-targeted NPs. The application of the magnetic field in combination with transferrin receptor targeting also resulted in an increase in the overall survival rate of the animals and a higher therapeutic efficacy as compared to control groups treated with either magnetic or active targeting alone. However, indications for magnetic targeting are limited by of the difficulty to focus the magnetic field to deep body locations. One loophole for that limitation can be the application of magnetic particle imaging (MPI). Iron oxide NPs are responsive to a given magnetic field and the magnetic moments will line up in the direction of the induced magnetic field. In this context MPI might not only be used as a non-invasive imaging modality, but also promote magnetic targeting and guide the, e.g., SPIONs to the target tissue. Additionally, MPI can be combined with magnetic hyperthermia as the SPIONs can be excited to generate heat yielding an image-guided theranostic tool (Bauer et al., 2016) (see section “Magnetic Hyperthermia”). Nevertheless maintaining the high magnetic gradient strength needed for clinical translation remains challenging and costly (Tay et al., 2018).

COMBINATION TREATMENTS WITH PLGA NPs

Clinically Approved PLGA NPs—Lost in Translation?

Chemotherapeutic PLGA formulations with varying properties (i.e., shape, carrier, size, etc.) are currently available and FDA-approved for several types of cancer treatments. The most prominent among them are based on PLGA microspheres, namely Lupron Depot® (Abbvie Endocrine Inc.) and Trelstar® (Allergan Sales Inc.). Other PLGA formulations in the market are PLGA-based gels (e.g., Eligard®, Tomar Therap) and implants (e.g., Zoladex®, Tersera Theraps LLC.). In a set of PLGA NPs with varying LA/GA ratios tested, the only NP formulation, which was further used in clinical trials did not contain GA and the NP was synthesized from PLA-PEG. This first targeted PLA NP (BIND-014, BIND Therapeutics) encapsulating DTX was applied for targeting the PSMA and the neovasculature that over-expresses PSMA receptor (Von Hoff et al., 2016). The early clinical trials of BIND-014 reported an enhanced anti-tumor activity compared with conventional DTX. Reasonably, many further potential clinical applications of this drug delivery system family for various cancer types, e.g., urothelial carcinoma, metastatic prostate cancer and squamous cell carcinoma of the head and neck were mentioned in related clinical trials (NCT02479178, 2016). However, the study failed in phase II due to low response rates and the company was sold with substantially all of BIND’s assets to Pfizer in 2016.

With respect to drug development, researchers often need to take a step back to the fundamental research to continue improving anticancer drug delivery such as enhancing hydrophilicity, reducing uptake by the MPS, increase tumor to background ratios and tumor-targeted specificity to achieve a higher response rate (Chidambaram et al., 2011).

In daily clinical practice patients often receive a combination treatment like, e.g., AC- or TAC-chemotherapy (A = Adriamycin (DOX); C = cyclophosphamide; T = Taxotere (DTX)) for breast cancer or BEAM-chemotherapy (BICNU®, Etoposide, Ara-C cytarabine and melphalan) for the treatment of lymphomas.

The synergism of those standard combination treatments might be increased by the use of nanoformulations and researchers are evaluating their potential in vitro and in pre-clinical in vivo studies. The NPs offer a platform to co-encapsulate various pairs of drugs with varying hydrophobicity and pharmacokinetic profiles ensuring simultaneous long term distribution to the target site. Such NP co-formulations can extend the drugs’ circulation time (Tian et al., 2017), sustain drug release (Khuroo et al., 2018) and also inhibit development of drug resistance (Misra and Sahoo, 2011) as well as increase drug accumulation in tumors (Afrooz et al., 2017). Among the many combinations co-loaded in one particle are PTX-Cisplatin (Tian et al., 2017), PTX-Erlotinib (Khuroo et al., 2018), DOX-CUR (Misra and Sahoo, 2011), PTX-Verapamil (Afrooz et al., 2017), and PTX-epigallocatechin gallate (EGCG). The latter was used for the sequential release of first EGCG and second PTX from PLGA-based core-shell NPs to improve therapeutic efficiency. In this context, the multiple signaling inhibitor EGCG was released first and increased the sensitivity of resistant breast cancer cells toward PTX as indicated by the suppression of the permeability glycoprotein (Pgp) (Narayanan et al., 2014, 2015).

Next to the synergistic effect of different chemotherapeutic drugs, an additional beneficial therapeutic outcome can be achieved via combination treatment with radiotherapy. Ionizing irradiation can increase vascular leakiness and furthermore lead to a decrease in cell density within tumors, and thus reduce the interstitial fluid pressure (Znati et al., 1996; Peschke et al., 1999). These effects contribute to an increased accumulation of both low-molecular-weight drugs and nanomedicine formulations in tumors (Higgins et al., 2015). Consequently, the efficacy of nanomedicine-based chemotherapy can increase (Wasan et al., 2017). Vice versa radiosensitizers can be used to improve the effect of radiotherapy (Jin et al., 2007; Wang et al., 2010; Kwatra et al., 2013; Bergs et al., 2015). The most prominent radiosensitizing drugs are PTX, DOX, and DTX. In this context, Werner et al. encapsulated DTX in PLGA NPs with a lecithin-PEG folate surface modification to optimize radiotherapy. Results revealed that radiation 12 h post NPs administration had a maximum effect on tumor growth inhibition (Werner et al., 2011). In a comparable study, prostate cancer cell penetrating peptide (R11) conjugated PLGA NPs were used for targeted radiosensitization of prostate cancer cells leading to higher antitumor activity under the exposure (Menon et al., 2015).

Magnetic Hyperthermia

In hyperthermia the body temperature is increased to damage and kill tumor cells. Hyperthermia can be applied to the whole-body or regionally. The techniques used to induce local hyperthermia are radiofrequency, (high intensity focused) ultrasound, microwave, and laser irradiation as well as alternating magnetic fields. Regarding the latter, PLGA is considered as a suitable carrier to load and deliver magnetic NPs and (chemo-) therapeutics (Figure 5A). It has also been indicated that PLGA encapsulation can improve SPIONs stability without changing or affecting the photothermal ability of the nanocomposites (Sivakumar et al., 2017). For local hyperthermia SPIONs or fluid containing magnetic NPs have been injected into the tumors and an alternating magnetic field applied to raise the temperature to 42–46°C. The efficiency of magnetic hyperthermia depends on the size and magnetization of the particles and also on the maximum temperature that can be reached by the particle (Curie temperature) (Thorat et al., 2016).
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FIGURE 5. Examples of the performance of PLGA-based NPs used for magnetic hyperthermia, photodynamic therapy, and photothermal therapy drug-loaded PLGA NPs. (A) Illustration of drug-loaded NPs used for magnetic hyperthermia, photodynamic therapy, and photothermal therapy. (B) Microscopic images of fibroblasts (L929) and MCF-7 cells 5 days after treatment with MF, MF-PLGA, MF-PTX-PLGA, and Apt-MF-PTX-PLGA NPs indicate that actively targeted NPs have the highest cytotoxicity toward cancer cells in vitro. Images reprinted from Aravind et al. (2013) with permission from Elsevier. (C) Tumor volume changes in breast cancer xenografts in mice treated with PLGA NPs co-loaded with tamoxifen (TAM) and Fe3O4 for hyperthermia with and without trastuzumab. Reprinted with permission from Vivek et al. (2016). Copyright (2016) American Chemical Society. (D) Tumor growth curves of different groups of mice inoculated with drug resistant breast cancer cells (MCF-7/ADR) after treatments with DOX and ICG co-loaded PLGA@lecithin@PEG NPs (DINPs) prove the added value of PDT (∗p < 0.05 and ∗∗p < 0.01). Figure reprinted with permission from Zheng et al. (2013). Copyright (2013) American Chemical Society.



Hyperthermia is generally applied in combination with chemotherapy or radiotherapy (Rao et al., 2010; Cabuy, 2011; Kaur et al., 2011). Eynali et al. (2017) encapsulated 5-FU into 30–100 nm PLGA NPs with and without an iron oxide core and showed a reduction in the proliferation rate of the colon cancer cell line HT-29 for the combination treatment of hyperthermia and chemotherapy in vitro.

In a similar setup Aravind et al. designed and evaluated a multimodal theranostic PLGA nanocomposite containing a magnetic fluid of Fe3O4 for hyperthermia induction and MRI imaging, the chemotherapeutic drug PTX, and the fluorescent dye Nile red (NR). Additionally the surface was conjugated with an aptamer targeting the nucleoline receptor yielding a particle with an overall size of 218 nm (Aravind et al., 2013). The in vitro analysis showed that the aptamer ligand on the NPs surface increased the tumor cell (MCF7) uptake while lowering the uptake in normal, mouse fibroblast cell line (L929) and thus lowered the in vitro cytotoxicity at 5 days after treatment (Figure 5B).

In agreement with these findings Vivek et al. evaluated a multifunctional pH-sensitive nanocarrier (PLGA-PVP (polyvinylpyrrolidone) NPs) co-loaded with tamoxifen (TAM) for chemotherapy and Fe3O4 for hyperthermia with and without Herceptin on the surface for targeting the human epidermal growth factor receptor 2 (HER 2). They observed a 90% higher reduction in tumor sizes for actively compared to passively targeted NPs (60% reduction) in mice 14 days post-injection (Figure 5C). In addition, immunohistochemistry did not reveal any visible morphological change of healthy tissue after treatment with the PLGA-PVP (polyvinylpyrrolidone) NPs (Vivek et al., 2016). However, the superiority of actively targeted versus passively targeted nanocomposites could as well be an effect of the additional therapeutic interaction of the Herceptin, which upon binding to HER2 prevents the cells from proliferating.

In general, promising therapeutic efficacy could exclusively be achieved via combination treatments; neither the sole delivery of chemotherapy nor the local magnetic hyperthermia could outperform the proposed and presented combination treatments. This can be due to synergistic effects and/or due to an increased drug accumulation following the hyperthermia-related enhancement of the EPR effect. However, despite those promising pre-clinical results (and as already discussed for magnetic targeting) the challenges for successful clinical translation remain unchanged. Importantly, even with MPI-guided induction of hyperthermia, the main challenge is to meet the clinical SPION dose limits and still achieve a therapeutically relevant heating in the region of interest (Tay et al., 2018).

Photodynamic and Photothermal Therapy

In photodynamic treatments a photosensitizing agent (PS) is applied to generate highly ROS via photoexcitation (Chatterjee et al., 2008; Paszko et al., 2011; Calixto et al., 2016). However, most of the PS agents are hydrophobic, show a rapid decomposition under laser irradiation, do not accumulate well in the tumor and cannot be efficiently excited in the near infrared range (which is prerequisite for reaching deeper tissues). Nanocarriers like PLGA-NPs can be used to overcome some of these drawbacks (Paszko et al., 2011; Lim et al., 2013). In line with this, the most commonly used PS agents that have been loaded into nanocarriers like PLGA NPs are poly(anilin) (Nguyen et al., 2017), indocyanine green (ICG) (Zheng et al., 2013; Lee and Chang, 2017), and zinc(II)-meso-tetraphenylporphyrin (ZnTPP) (Boix-Garriga et al., 2015).

Among them, ICG is not only a suitable PS agent, but is also categorized as a photothermal agent and in addition allows for optical imaging. In this context, Zheng et al. designed a lipid-polymer hybrid NP (PLGA-lecithin-PEG) that was co-loaded with DOX and ICG for combinational chemo- and photodynamic treatment. The NPs were synthesized by a single-step sonication method with an average diameter of 90 nm and were evaluated in vitro as well as in vivo in chemotherapy resistant (MCF-7/ADR) and sensitive (MCF-7) breast cancer cells. After laser irradiation, the combined treatment of DOX and ICG-loaded PLGA-lecithin-PEG synergistically promoted cell death and tumor growth inhibition in both tumor models (Figure 5D) (Zheng et al., 2013; Lee and Chang, 2017).

In photothermal therapy (PTT) a therapeutic agent absorbs photon energy and dissipates it in form of heat. This heat results in the disruption of cellular membranes and induces apoptosis and/or necrosis. PTT can be applied with various organic nanomaterials (e.g., carbon and gold nanomaterials, etc.) and polymeric NPs with NIR-absorbing agents like ICG (Cheng et al., 2014). In that line PLGA and its copolymers (e.g., PLGA-PEG, PLGA-lipid) have been used for co-loading and combination therapy with, e.g., DTX and gold (Au) (Hao et al., 2015), DTX and poly(dopamine) (Peng et al., 2018) or DTX and polypyrrole (PPy) (Yuan et al., 2016). The latter PTT agent, PPy, is considered an ideal heat inductive material, which was used by Yuan et al. to build a DOX encapsulated PLGA-PPy NP. An additional surface modification with 2-Deoxy-glucose terminated PEG resulted in a sugar promoted 17-fold increased uptake of the NPs by MCF-7 cells without altering the photothermal properties of the compound. In a comparable NP design Peng et al. synthesized PLGA-NPs with a poly(dopamine) (PDA) coating modified with TPGS, yielding PLGA NPs@PDA-TPGS. Those NPs were loaded with DOX, and the combination treatment was evaluated in vitro and in vivo in BALB/c MCF-7 (drug resistant) breast cancer xenografted mice. The NIR irradiation triggered DTX release, and a synergistic antitumor efficacy indicated that the DOX-loaded PLGA NPs@PDA-TPGS could overcome drug resistance.

Next to the therapeutic effect of the generated heat and/or triggered drug release, PTT can like (magnetic) hyperthermia increase vascular permeability and blood flow and thus enhance EPR effect and increase drug delivery (Chen et al., 2006; Yuan et al., 2016).

Even though the combination treatment of chemotherapy and PTT/PDT holds great potential, also with respect to the synergistic effect on therapeutic outcome, the sites for PDT are limited by the penetration depth of the applied laser light (max. 1–2 cm), as well as by the short migration distance of the produced oxygen radicals (Moan and Berg, 1991). For optimal efficacy, photodynamic therapy, therefore, has to be directed to specific (sub-) cellular targets (mitochondria, lysosomes, or the cell membrane), which can be challenging in a clinical setting.

Gene Therapy

Next to standard chemotherapeutic treatments and immunotherapies, gene delivery and gene silencing are emerging approaches in the anticancer field. Here, a double-stranded DNA (dsDNA) or a single-stranded DNA (ssDNA) is used for replacing (or completing) a gene while short interfering RNA (siRNA) is typically used for silencing a gene (Ibraheem et al., 2014). When cancer is initiated by cellular mutation, siRNAs can inhibit genes responsible for multidrug-resistance and in combination with, e.g., targeted chemotherapeutics, the self-defense mechanism can be inhibited (Xiao et al., 2017). The major obstacle in gene therapy is the delivery of the large, negatively charged and very fragile nucleic acids into the cell cytoplasm, respectively, the cell nucleus. PLGA has been used as a carrier to protect and deliver nucleic acids (Wang et al., 2016). Tang et al. used calcium phosphate–pDNA complexes embedded in PLGA NPs, which were able to inhibit the proliferation of breast cancer cells (4T1) and induce apoptosis. The transfection of the cells with the plasmid DNA encoding for the MsurvivinT34A gene resulted in tumor angiogenesis inhibition and a decrease in microvessel density. Furthermore, in combination with Doxil (DOX encapsulating liposomes) a significant suppression of tumor growth could be observed (Tang et al., 2014).

Recently, the PLGA nanomedicine platform has also been used for genome editing via the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) technology. Delivery of the CRISPR-associated protein-9 nuclease (Cas9) complexed with a synthetic guide RNA (gRNA) into a cell enables genome cutting at a desired location, allowing existing genes to be silenced, removed or added. In chronic myeloid leukemia (CML) reciprocal translocation of chromosome 9 and 22t results in a breakpoint cluster region-abelson (BCR-ABL) fusion oncogene, which translates a relating BCR-ABL fusion protein. In a study by Liu and colleagues, this BCR-ABL fusion protein was knocked out via the delivery of a CRISPR/Cas9 plasmid (pCas9/gBCR-ABL), which was encapsulated in a PEG-PLGA-based cationic lipid-assisted polymeric NP. Successful knockout of the gene of interest was confirmed in vitro as well as in vivo in a CML mouse model. Mice that were i.v. injected with the nanocarrier showed a reduced number of myelogenous leukemia cells (K562) in blood and bone marrow and a significant prolonged survival rate after the treatment compared to naive and vehicle controls (Liu et al., 2018).

Challenges remain regarding the simultaneous entrapment and encapsulation of gene- and chemotherapy agents in polymeric NPs (Lee et al., 2016; Wang et al., 2017). In this context, pioneering work was done by Yang et al. who synthesized a DOX encapsulated PLGA-NP with a surface modification by a positively charged poly(ethyleneimine) for adsorption of condensed shRNA onto the NP, yielding a theranostic nanobubble that could also be visualized by ultrasound imaging. The shRNA downregulated the P-glycoprotein associated with the adenosine triphosphate-dependent drug efflux pump. This P-glycoprotein knockdown accelerated cellular uptake of the NPs, and due to the suppressed drug efflux increased the nuclear accumulation of DOX in drug resistant tumors (MCF-7/ADR) (Yang et al., 2015). In another approach, Zhang et al. used PEG-PLGA-poly (L-lysine) NPs to co-delivery DOX with siRNA. The presented NPs were surface modified with epidermal growth factor (EGF) for targeted delivery and treatment of lung cancer. The siRNA knocks down the anti-apoptosis protein B-cell lymphoma 2 and thus induced apoptosis in the targeted tissue. Biodistribution and therapy studies were performed using xenografts of the human non-small cell lung carcinoma cell line (H1299) in mice. The combination treatment suppressed lung cancer growth, and reduced expression of the anti-apoptosis protein, which was confirmed by ex vivo analysis of the tumor tissue (Yang et al., 2015; Yin et al., 2015; Zhang et al., 2016).

Cancer Immunotherapy

Cancer immunotherapy can be performed via cancer vaccines, cytokine therapy, checkpoint-blockade therapy, adoptive T-cell transfer, and chimeric antigen receptor T (CAR-T) cell therapy (Yoon et al., 2018). Here, PLGA-based NPs can not only protect the sensitive cargos (e.g., antigens, adjuvants, etc.) from degradation but can also promote passive accumulation by the EPR effect and can facilitate additional active targeting strategies via surface modification. However, the stimulation of the immune system, which enables the recognition and attack of malignant cells, does not solely rely on tumor accumulation, but might as well be achieved or enhanced by targeting of immune cells, e.g., in liver, spleen, and lymph nodes. Thus, high affinity of many NPs to cells of the mononuclear phagocyte system as well as macrophage uptake might even be used to promote the desired immune-response (Jiang et al., 2017a,b).

In that regard, NPs can be used to deliver, e.g., immunogenic cell death (ICD) promoters, vaccines or immune checkpoint inhibitors through intravenous injection. Zhao et al. (2016) showed that mPEG-PLGA based NPs loaded with the chemotherapeutic ICD promoter oxaliplatin lead to a high response in an in vivo mouse model of pancreatic cancer. As a non-immunogenic control the same PLGA-NPs were loaded with the chemotherapeutic gemcitabine leading to a less effective therapeutic response (Zhao et al., 2016).

In another study, PLGA NPs coated with an agonistic αCD40-monoclonal antibody (mAb) were applied for vaccine delivery to dendritic cells (DCs) as the main antigen presenting cells. The PLGA NPs were loaded with the adjuvants Pam3Csk4 (a synthetic triacylated lipopeptide to stimulate toll-like receptor 2) and Poly (I:C) (Polyinosinic:polycytidylic; an immune-stimulator to toll-like receptor 3) to induce potent CD8+ T cell response. In vivo experiments in murine melanoma-OVA mouse model indicated that active targeting of DCs and vaccine delivery resulted in efficient priming of CD8+ T cells, tumor control, and prolonged survival of the tumor-bearing mice (Rosalia et al., 2015).

Furthermore, the use of cells as vaccines for generation of effective and adaptive immune responses is well established in cancer immunotherapy. Ahmed et al. coupled γ-irradiated non-vital prostate cancer cells with PLGA NPs. The particle-cell hybrid was then additionally functionalized with the adjuvant CpG ODN, which selectively activates the toll-like receptor 9. This activation resulted in efficient cancer vaccination in a prostate cancer model. Interestingly, comparable results could not be achieved with a similar particle-melanoma cell hybrid. Due to this, the authors concluded that a careful selection of the tumor entity in such hybrid NPs might be a prerequisite to elicit DCs (Ahmed et al., 2017).

Moreover, a combination of cancer immunotherapy with other modalities like PTT can provide a more effective treatment (Chen et al., 2016). In this context, multifunctional PLGA-PEG NPs co-loaded with ICG (photothermal and PS agent) and imiquimod (R837), an immune-adjuvant TLR-7 agonist, triggered vaccine-like immune responses. Additional combination of this NIR heater-loaded PLGA-based nanovaccine with an anti-cytotoxic T-lymphocyte antigen-4 checkpoint-blockade therapy synergistically inhibited the growth of metastasis and prevented recurrence of cancer.

CONCLUSION

In this review article, we summarize the physicochemical properties of polymers and NPs based on PLGA, and discuss their preparation methods, and applications for various drug delivery approaches. While several different PLGA-based therapeutics are already routinely used in the clinic, despite promising pre-clinical results, PLGA-NPs are neither listed nor approved and the only formulation (BIND-014) that made it into clinical trials was based on PLA-PEG and failed in phase II due to non-responders.

As a consequence, researchers need to critically reflect the clinical feasibility of their approaches and develop NPs that better match the biomedical need (Figure 6). This not only relates to the optimization of size, drug loading and drug release, but also to biocompatibility, pharmaceutical upscaling and batch-to-batch reproducibility. In this context, it is advantageous if the experimental setup is from beginning on tailored to a concrete clinical problem. Especially in the case of PLGA NP synthesis batch-to-batch consistency (due to the heterogenous mixing conditions required for self-assembly), which directly relates to drug loading efficacy, and the challenge to obtain particle sizes below 100 nm in an up-scalable process are remaining issues regarding PLGA-NP production. The lack in reproducibility and the need for additional purification steps impede manufacturing according to good manufacturing practices (GMP) that is mandatory for successful clinical translation. Furthermore, awareness of pharmacokinetics and pharmacodynamics of the NPs is mandatory to avoid off-target accumulation and potential side effects. The (often too large) sizes of NPs as well as their surface charge can result in severe off-target accumulation and can even prevent targeted NPs from binding to the target tissue/cell. Surface modifications, yielding, e.g., in a stealth NP, might avoid the recognition by the immune system but will simultaneously increase the size, may prevent penetration of the nanomedicine, hide targeting motifs, and reduce cellular uptake (which is mandatory for the therapeutic effect of many drugs). Any even minor chemical modification of a nanomedicine formulation can alter the physicochemical properties and thus the in vitro and in vivo performance as well as therapeutic efficacy. Furthermore, when combining nanomedicines with approaches like PDT/PTT or magnetic guidance, one needs to consider that these concepts of drug delivery will only be operant if the external stimulus (e.g., magnet) can be applied to the target region of the human body (which is often not the case for tumors located deeply below the skin).
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FIGURE 6. From bench to bedside: simplified illustration of several barriers and challenges that need to be tackled to achieve clinical translation. In fundamental research NP design and production should be performed with respect to a clinical relevant scientific question and all experiments should be designed accordingly and not vice versa. The effect of NPs physicochemical properties on their in vivo performance needs to be evaluated and optimized if necessary. Any failures in in vitro, in vivo and/or clinical trials need to be addressed and reconsidered in fundamental research.



Next to the influence of the NPs design and the challenges regarding the application of (external) stimuli-induced delivery and cancer treatment, it has been increasingly recognized that the high inter- and intra-individual heterogeneity of the EPR effect is an important reason for the moderate clinical translation of many nanomedicine formulations including PLGA-NPs. Thus, nanomedicine research will strongly take advantage from concepts that consider and address pathophysiological features that impact the EPR effect and affect the accumulation, penetration, distribution, retention and efficacy of NPs formulations.

In conclusion, for an efficient clinical translation a more rational design of PLGA-NPs, along with clinically relevant preclinical therapy settings, in which nanomedicines are tested are mandatory to close the currently huge gap between material research, preclinical experimentation and clinical reality.
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Drug delivery to malignant tumors is limited by several factors, including off-target toxicities and suboptimal benefits to cancer patient. Major research efforts have been directed toward developing novel technologies involving nanoparticles (NPs) to overcome these challenges. Major obstacles, however, including, opsonization, transport across cancer cell membranes, multidrug-resistant proteins, and endosomal sequestration of the therapeutic agent continue to limit the efficiency of cancer chemotherapy. Lipoprotein-based drug delivery technology, “nature’s drug delivery system,” while exhibits highly desirable characteristics, it still needs substantial investment from private/government stakeholders to promote its eventual advance to the bedside. Consequently, this review focuses specifically on the synthetic (reconstituted) high-density lipoprotein rHDL NPs, evaluating their potential to overcome specific biological barriers and the challenges of translation toward clinical utilization and commercialization. This highly robust drug transport system provides site-specific, tumor-selective delivery of anti-cancer agents while reducing harmful off-target effects. Utilizing rHDL NPs for anti-cancer therapeutics and tumor imaging revolutionizes the future strategy for the management of a broad range of cancers and other diseases.

Keywords: rHDL, tumor targeting, SR-B1 receptor, cancer therapy and imaging, cholesterol, HDL, biological barriers

INTRODUCTION

Our laboratory has been engaged in reconstituted high-density lipoproteins (rHDL) drug delivery research for more than a decade, focusing on formulating and evaluating rHDL drug delivery vehicles for a multitude of anti-cancer agents. Lipoprotein drug transporters have traditionally been used to deliver hydrophobic and amphiphilic drugs. Recently, our laboratory and others have succeeded in the encapsulation of hydrophilic drugs, including doxorubicin (Yuan et al., 2013). Our hypothesis of utilizing the rHDL drug delivery platform for cancer therapy is based on our understanding of the process of ‘reverse cholesterol transport’ and apolipoprotein/receptor interactions. Endogenous plasma high-density lipoproteins (HDL) delivers cholesterol from peripheral tissues to the liver for metabolism and excretion via a specific receptor, Scavenger Receptor Type B1 (SR-B1) expressed primarily on hepatocytes and steroidogenic tissues (Connelly and Williams, 2004). Several recent articles have shown that SR-B1 is overexpressed by the majority of malignant tumors, promoting their proliferation, and metastasis (Twiddy et al., 2012; Zheng et al., 2013; Yuan et al., 2016; Panchoo and Lacko, 2017). Thus, several laboratories are directing their efforts toward developing rHDL-based formulations to deliver anti-cancer agents to malignant tumors, facilitated by the SR-B1 receptor. While developing/designing a nanoparticulate system for cancer therapy, several biological barriers remain as recently discussed by Blanco et al. (2015). This communication deals with specific biological/physiological challenges based on the innate ability of the rHDL drug delivery platform to overcome them and considering optimization strategies to improve the drug delivery performance of rHDL.

The basic structure of rHDL NPs resembles those of their natural counterparts, circulating HDL particles. Details of the structure and composition of lipoproteins have been described earlier (Damiano et al., 2013; Pownall et al., 2016; Thaxton et al., 2016). Briefly, lipoproteins are composed of triglycerides (TG) and cholesterol esters (CE) as core components, phospholipids, and unesterified cholesterol in their outer monolayer, and amphipathic apolipoproteins on their surface that facilitate solubility and stability in the bloodstream (Figure 1). Although there are several classes of lipoproteins (VLDL, IDL, LDL, and HDL) in the blood of mammals, the present paper focuses only on high-density lipoproteins because of their preferred use in drug delivery research (Ng et al., 2011; Kuai et al., 2016). Other lipoproteins (VLDL, IDL) and their synthetic analogs have not been studied extensively as drug delivery vehicles although they are known to bind and transport several drugs in blood circulation (Yamamoto et al., 2017). Synthetic LDL nanoparticles (NPs) have been used for drug delivery and diagnostic imaging (Corbin et al., 2006; Corbin and Zheng, 2007).
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FIGURE 1. Schematic of cross section of high-density lipoproteins (HDL) nanoparticle (NP). Phospholipids are shown in blue, free cholesterol is shown in yellow, TG: Triglycerides, CE: Cholesterol Esters, and Apo A-1: Apolipoprotein A-1.



Apolipoprotein A-1 (Apo A-1) is a major protein component of HDL which also serves as a ligand for the SR-B1 receptor. Several methods have been used to assemble rHDL NPs. including cholate dialysis, sonication, thermal cycling, and microfluidics (Kuai et al., 2016). Synthetic HDL NPs have been prepared using self-assembling peptides (Zhang et al., 2010), polymers (Sanchez-Gaytan et al., 2015), and inorganic template ingredients (McMahon et al., 2017). These platforms have been used for drug delivery, siRNA delivery, and modulating cellular cholesterol levels. The rHDL NPs, Apo A-1 protein, and its mimetic peptides are also known to have anti-inflammatory and anti-apoptotic properties. This feature of potential HDL therapeutics has been reviewed by Barter et al. (2004) and Navab et al. (2007). In this review, we are focusing on the challenges (immune system, hemodynamics, cell membrane transport, and drug resistance) faced by drug delivery systems and how these barriers may be effectively overcome by the rHDL platform for cancer therapy.

INTERACTION OF rHDL WITH BLOOD AND IMMUNE CELLS

The innate immune system (IIS) is the first line of defense against external pathogens or foreign substances, including NPs. The IIS consists of epithelial barriers, phagocytes, dendritic cells, and plasma proteins (complement). The complement system, one of fundamental components of innate immunity is highly organized and designed to remove/clear ‘foreign’ substances (Medzhitov and Janeway, 2002). The complement system has several protein components that are activated once the pathogen/foreign substances are encountered and subsequently undergoes a cascade of reactions to clear the pathogen/foreign substance(s). There are three branches of the complement system viz classical, lectin and alternative pathway responding to different types of pathogens/foreign sunstances. The classical pathway involves binding of C1q protein to antigen-antibody complex marking it to be cleared. The lectin pathway involves the binding of the carbohydrate component of the lectin to carbohydrates on the surface of pathogens thus initiating the cascade reaction for its removal. An alternative pathway may be activated spontaneously by adsorption of the complement proteins to the surface of pathogens, externally injected materials, including potentially all NP formulations (Moghimi et al., 2011; Szeto and Lavik, 2016). The complement system is activated very rapidly following injury or introduction of external materials into the circulation, therefore, it is critical to evaluate the immune response to NPs immediately following their administration. It is also important to select early time points when evaluating immune responses to novel NP systems as their blood residence times vary markedly, presumably due to the complement response. Other circulating and resident immune cells facilitate clearance and opsonization of pathogens in conjunction with the complement system. Immune cells use a diverse set of receptors (e.g., toll-like receptors, TLRs and C-type lectin receptors, CLRs) to recognize ‘self’ and ‘non-self’ antigens on the pathogen or on the nanomaterial surface. Granulocytes (mostly neutrophils) and antigen presenting cells (APC; monocytes, macrophages, and dendritic cells) phagocytose and degrade pathogens/nanomaterials.

Because the rHDL complex is assembled from essentially the same constituents as endogenous HDL, rHDL also mimics its endogenous counterpart as reflected by its function of delivering drugs to cancer cells via the SR-B1 receptor (Cruz et al., 2013). Exposure of Apo A-1 and lipids to the external environment makes them accessible to innate immune cells and complement proteins. However, because the phospholipids (e.g., phosphatidylcholine) and Apo A-1 (used to construct rHDL NPs) would be recognized as ‘self’ (endogenous blood components) they are not expected to elicit an immune response (Hogquist et al., 2005). To the best of our knowledge, there are no reports of adverse immune responses to rHDL in small animals or humans. Moreover, recent clinical trials (TANGO) conducted by Cerenis Therapeutics testing an engineered HDL mimetic NP formulation (CER-001) in human subjects, did not reveal any adverse reactions, compared to control (Tardif et al., 2014). Several other clinical trials have also demonstrated the safety of rHDL formulations (Nanjee et al., 1999; van Oostrom et al., 2007). The overall maximum tolerated dose (MTD) has been determined to be between 10 and 30 g of synthetic HDL (Kuai et al., 2016). Thus, it is feasible to inject a 500–1500 mg drug dose (assuming 5% loading in rHDL) to patients without anticipating adverse effects from the rHDL NPs (Kuai et al., 2016).

Apart from complement activation, several other plasma proteins can adsorb onto the NP surface and modify its surface properties (Figure 2). Adsorption or binding of different serum proteins determines the fate of injected NPs. Opsonins such as complement proteins and immunoglobulin adsorption will facilitate nanomaterial removal from the plasma while adsorption of dysopsonins such as bovine serum albumin, apolipoproteins will enhance the circulation time via avoiding the mononuclear phagocyte system. Barrán-Berdón et al. (2013) performed time-evolution studies for investigating the adsorption of different types of proteins to the surface of NPs Their findings indicate that apolipoproteins (Apo A-1, Apo C-II, Apo D, and Apo E), complement component proteins (C1q, C1r, C1s, C3OS, C4-B OS, C5OS, C6OS, C7OS, C8 Alpha Beta and gamma, C9OS, BOS, HOS, and I OS), fibrinogen (alpha, beta, and gamma), and several additional serum proteins, including IgG, serum albumin, serotransferrin, and vitronectin may be associated with the externally introduced NPs (Barrán-Berdón et al., 2013). Lundqvist et al. (2008) showed that polystyrene NPs (PSNP) adsorb to different plasma proteins using mass spectrometry analysis. In general, large 100 nm PSNPs were found to complex with immunoglobulins while smaller 50 nm particles were found to be complexed with apolipoproteins, suggesting that particle size may determine the kind of protein corona acquired by the particles and their role in enhancing the removal from or extended stay in the circulation. The same authors reported that the HDL in plasma binds to copolymer NPs (Hellstrand et al., 2009). These observations have important implications as bound apolipoproteins or entire endogenous HDL complexes may carry NPs to the SR-B1 receptors, expressed by liver cells and macrophages. Several other articles report on the relationship between NP surface properties (size, charge, and functional groups) and protein adsorption (Tenzer et al., 2011; Barrán-Berdón et al., 2013). Unlike rHDL, Endogenous plasma HDL size is known to vary (Lagrost et al., 1996). In-depth studies are needed for drug-loaded synthetic or rHDL NPs to study the serum protein adsorption (if any) and possible re-distribution of the drug payload to other lipoproteins in the plasma. The distribution of payload will also depend upon its hydrophobic characteristics. Findings of McConathy et al. (2011) suggest only a limited re-distribution of a fluorescent lipid analog, compared to the distribution of cholesteryl esters (McConathy et al., 2011).
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FIGURE 2. Various types of protein that can adsorb on NPs injected in blood circulation.



Among several safety metrics, hemolysis is often investigated to indicate toxicity following administration of a nanoformulation. Hemolysis may involve direct erythrocyte damage and/or an immune-mediated hemolytic process. Generally, positively charged NPs tend to damage erythrocytes in a dose-dependent manner, as found with C60 fullerenes (Bosi et al., 2004), PAMAM (Domański et al., 2004), carbosilane (Bermejo et al., 2007), polypropylene imine (Agashe et al., 2006), and polylysine (Shah et al., 2000) dendrimers. In the case of drug loaded rHDL NPs, several reports indicate no hemolysis when NPs were incubated with red blood cells, perhaps due to the absence of SR-B1 receptor expression by erythrocytes (Oda et al., 2006; Yuan et al., 2013; Lu et al., 2015). Thus, rHDL drug formulations seem to be safe based on their interactions with blood cells and immune components.

Interaction of rHDL with macrophages in atherosclerotic plaques is well documented. HDL interacts with ABCA1 and ABCG1 (ATP binding cassette family) receptors to acquire cholesterol from macrophage foam cells in atherosclerotic plaques, considered to be contributing to its anti-atherosclerotic effect, and attributed to the inverse relationship between HDL-C levels and the risk of coronary heart disease (Yvan-Charvet et al., 2010). Synthetic HDL has been used to image atherosclerotic deposits by delivering radio-imaging agents to macrophages in plaques (Frias et al., 2007; Cormode et al., 2010). Similar to its endogenous counterpart, rHDL can also interact with macrophages and can facilitate cholesterol efflux. However, this interaction may be altered by modifying the Apo A-1 amino acid sequence (without changing its ability to bind to SR-B1) thus providing an important tool to develop novel therapeutic strategies (von Eckardstein et al., 1993). The interaction of rHDL with tumor macrophages may also be exploited to develop an effective immunotherapy strategy (Norata et al., 2012). This interaction may further be exploited to control the expansion of myeloid-derived suppressor cells (MDSC) in infectious diseases, cancer, inflammation and consequently reversing the suppression of the immune response (Plebanek et al., 2018). On the other hand, HDL carrying sphingosine-1 phosphate has been shown to suppress components of the immune system, a potentially valuable tool for treating auto-immune disorders (Blaho et al., 2015). Thus, based on the payload, rHDL can be targeted to activate or suppress specific functions of the immune system.

HEMORHEOLOGY AND BLOOD VESSEL FLUID DYNAMICS FOR rHDL

Movement of NPs in the bloodstream, adhesion to endothelial cells, and extravasation into the leaky tumor vasculature are highly dependent on the NP geometry. Decuzzi et al have discussed how the different shape/size may impact circulation, margination, adhesion to vessel walls and cellular uptake of the NPs (Decuzzi et al., 2009). Decuzzi et al. (2009) and others have also shown that non-spherical particles are more likely to move closer to the vessel wall due to tumbling and rolling dynamics than spherical ones which tend to stay toward the center of the vessel lumen; parallel to vessel walls (Decuzzi et al., 2005; Shah et al., 2011; Tan et al., 2013; Figure 3). Two types of rHDL NPs have been reported in the literature; discoidal; and spherical (Kingwell et al., 2014). However, there are no studies evaluating their vessel dynamics in theoretical models or in animals including the bio-distribution, and intended pharmacodynamics and anti-tumor effects. Moreover, these different shapes of HDL NPs may have different affinities toward SR-B1 receptors, and the ABCA1 and ABCG1 transporters.
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FIGURE 3. Possible vessel dynamics of spherical (toward center of vessel) vs discoidal (toward vessel wall) HDL NPs in a blood vessel.



Nanoparticle size will also play role in blood circulation residence time. It is known that larger NPs (>200 nm) tend to accumulate in the liver and spleen while smaller ones (<10 nm) tend to get cleared by the kidney (Alexis et al., 2008; He et al., 2010). Thus, size considerations along with adsorption properties will likely, collectively affect the mean blood residence time of NP formulations, including drug loaded rHDL NPs. Moreover, NP surface charge will also contribute to fluid dynamics in the blood circulation. Generally, highly positively charged NPs are easily removed from the blood circulation compared to highly negatively charged NPs (Arvizo et al., 2011). In the case of rHDL NPs, their surface charge may be easily manipulated by using different phospholipid surface components, thus controlling the time in the circulation. The rHDL NPs seem to have an only minimal impact on their overall size when encountering blood components. Skajja et al investigated the stability of iron oxide loaded rHDL NPs in-vitro as well as in animals. After incubating the rHDL NPs in plasma for 24 h, the change in size was less than 4% demonstrating the absence of protein adsorption. Moreover, Skajaa et al. (2011) reported that after 24 h incubation NPs remained individually dispersed without aggregation, further at testing to the robust nature of rHDL NPs (Skajaa et al., 2011). The extended circulation times (>24 h) of rHDL formulations have been discussed by elsewhere (Kuai et al., 2016) acknowledging that in clinical studies SRC-rHDL, CSL-111, CSL-112, Pro Apo A-1 liposomes, ETC-216, CER-001, and ETC-642 all displayed extended circulation times with no major safety/toxicity issues. (Kuai et al., 2016).

EXTRAVASATION AND rHDL

Numerous research articles have discussed the potential of NPs for targeted drug delivery to cancer cells and tumors. An ideal nanocarrier is expected to have a small size, the extended residence time in the circulation, biocompatibility, and absence of immunogenicity. Although the drug-containing NP formulations exhibited much better delivery efficiency compared to the free drug formulations, they were not as efficacious in limiting off-target effects (Desai, 2012). This discrepancy in clinical translation of nanomedicines has been discussed by several authors (Kamaly et al., 2012; Xue et al., 2014; Min et al., 2015). A crucial element could be a variation of the NP uptake by the reticuloendothelial system in humans compared to that in immune-deficient small animal models. In addition, the physiology, in spontaneously emerging tumors, compared to xenografts may vary significantly. Furthermore, huge dose discrepancies between those administered to humans compared to those used to treat small animals may result in different degrees of drug retention. Heterogeneity in tumor vasculature and the size of the NPs involved may further impact the drug distribution. More importantly, despite an overall increase in the amount of drug delivered to the tumor via NPs, a significant portion of the tumor cells may still have only limited exposure to the drug.

The drug delivery via NPs usually occurs via extravasation of NPs through the leaky tumor vasculature (passive targeting) or targeted delivery via ligand modified surface of the drug carrier (active targeting) (Torchilin, 2010; Ngoune et al., 2016). Although enhanced permeability and retention (EPR) plays an important role in the passive accumulation of nanoformulations at the tumor site, it is dependent on tumor type and the organ in which the malignancy resides (Yokoi et al., 2014b). Studies by Chen et al have demonstrated multi-functional rHDL NP platform for tumor targeting and imaging via both non-specific accumulation and specific binding to angiogenically activated blood vessels (Chen et al., 2010). In this study, the authors decorated rHDL with amphiphilic gadolinium chelates and fluorescent near infra-red (NIR) imaging dye. Angiogenic endothelial cells were targeted via rHDL that was functionalized with αvβ3-integrin-specific RGD peptides (rHDL-RGD). Non-specific RAD peptides were conjugated to rHDL NPs as a control (rHDL-RAD). The in vitro studies indicated a clear distinction between non-specific and specific uptake of the two types of NPs. All 3 NPs (rHDL-RGD, rHDL-RAD, and rHDL) were phagocytosed by macrophages, while the endothelial cells were involved in the uptake of only αvβ3-integrin-specific rHDL-RGD NPs. Furthermore, in-vivo studies using NIR and MR imaging demonstrated that rHDL-RGD was associated with tumor endothelial cells, whereas HDL and rHDL-RAD NPs were mainly found in the interstitial space. Thus, it is possible to re-route the rHDL NPs via active targeting.

In another study, Zhang et al. (2010) have demonstrated that sub -30 nm HDL mimicking NPs, functionalized with an EGFR targeting ligand, preferentially accumulated in the tumor interstitial spaces, suggesting that the small size, neutral surface charge, specific targeting ligand and long circulation half-life were instrumental in successful extravasation of the NPs into the tumor mass (Zhang et al., 2010). Thus, rHDL possessed therapeutic potential and versatility in mediating Chol-siRNA-VEGF direct cytosolic delivery for target-specific anti-angiogenic therapy in breast cancer. Another factor involved in the successful extravasation of nano-formulations is the collagen content in the capillary walls in the tumor vasculature (Yokoi et al., 2014a) A similar study may reveal whether the capillary collagen content has any effect on extravasation of rHDL NPs.

The potential utility of HDL mimicking NPs as programmable, and biocompatible drug delivery vehicles suitable for the targeted delivery of tumor imaging and anti-cancer agents has now been established. The HDL NPs owing to their small size, close to neutral charge and long circulation time are able to move out of the circulation and accumulate in malignant tissues. Aforementioned studies also demonstrate the ability to reroute rHDL from its natural target to tumor blood vessels and its potential for multimodal imaging of tumor-associated processes. An analysis of NP payload uptake and drug delivery on the microscopic level in small animal studies will be essential to understanding the efficiency of therapeutic effects. Based on clinical studies, rHDL has already been proven safe for human administration (Krause and Remaley, 2013).

CELLULAR MEMBRANE TRANSPORT AND ENDOSOMAL ESCAPE OF rHDL

Unlike small molecules which readily diffuse into cells and tissues, drugs, encapsulated in NPs must have facilitated delivery across cell membranes. Cellular internalization and endosomal/lysosomal entrapment are of great concern in NP design. Whether trapped in compartments or subjected to the low pH and enzymatic environment of the lysosome, endosomal escape is necessary for the efficient delivery of the NP drug cargo to the tumor site. Size, charge and surface decoration of NPs determine which endocytic pathway they may enter and their subsequent intracellular fate (Blanco et al., 2015). Concerns about the endosomal escape of therapeutic agents became paramount with the advent of RNA interference for clinical applications. However, nucleic acids, charged molecules with high molecular weight (5–1000s kD), are easily degraded by endogenous nucleases and are thus unable to reach their pharmaceutical target without assistance. To achieve an effective cellular response, nucleic acid therapeutics has to involve an endosomal escape process.

Several pathways exist for movement of the NP or its cargo into the cell interior. Endocytosis is a process of forming vesicles and moving them toward intracellular targets usually involving clathrin-coated pits where the specific receptors reside (e.g., uptake of low density lipoprotein (LDL) and the LDL receptor described by Brown and Goldstein (Doherty and McMahon, 2009; Goldstein and Brown, 2009; Kaksonen and Roux, 2018). Several clathrin-independent pathways such as endophilin-mediated, flotillin-mediated and macropinocytosis have also been reported (Doherty and McMahon, 2009; Amaddii et al., 2012; Sorkina et al., 2013; Ferreira and Boucrot, 2017). Cargo contained in endosomes can be recycled back to the plasma membrane or other organelles, delivered to the lysosome for degradation, or undergo a process called transcytosis (Elkin et al., 2016). Once vesicles pinch off from the plasma membrane, loaded with cargo, they mature into early endosomes and are sorted to determine their final destination (Salzman and Maxfield, 1988; Huotari and Helenius, 2011). As endosomes continue to mature from the early to the late stage and into the lysosome, they become progressively more acidic due to the ATP-dependent pumping of hydrogen ions into the lumen (Mellman et al., 1986). The early endosomal interior has a pH in the range of ≈6.5 compared to ≈5.5 for late endosomes. These pH changes are needed for the dissociation of receptors from their ligands in order to be processed via recycling of the receptor or ligand degradation. Degradation of the cargo occurs when the late endosome fuses with the lysosome, creating an endolysosome with a pH of ≈4.5 exposing the cargo to a full spectrum of hydrolases (Huotari and Helenius, 2011). The endolysosomal environment is considered detrimental to targeted NP cargo delivery, particularly to intracellular nucleic acid transport (Blanco et al., 2015).

Strategies for Endosomal Escape

Strategies for the endosomal escape is a wide-ranging topic that merits a review of its own. However, these strategies could represent key steps in the design, and manufacturing of NP formulations. Rather than designing and preparing complex formulations, direct cytosolic delivery of the therapeutic payload could be achieved with a drug delivery NP platform such as the reconstituted/recombinant high-density lipoproteins (rHDL). The receptor for HDL, Scavenger Receptor Class B, Type 1 (SR-B1) facilitates the endogenous delivery mechanism directly into the cytosol, a process known as selective lipid uptake (Zhang et al., 2009)

SR-B1 and Selective Uptake

There are five isoforms of SR-B1 from splice variants encoded by the SCARB1 gene. The first isoform was named as SR-B1 and shown to be the HDL receptor (Acton et al., 1996; Calvo et al., 1997). The receptor protein consists of 509 amino acids and has an apparent molecular weight of 82–85 kDa. Isoform 3 has a length of 552 amino acids and has been set as the canonical sequence (Gutierrez-Pajares et al., 2016). The highest expression of SR-B1 in normal tissues can be found in the liver and steroidogenic organs (Landschulz et al., 1996; Calvo et al., 1997; Arenas et al., 2004; Shahzad et al., 2011). In murine adrenocortical cells and an SR-B1 transfected Chinese hamster ovary cell line, SR-B1 appears to co-localize with caveolae (Babitt et al., 1997). In hepatocytes, SR-B1 interacts with an adaptor protein, PDZK1, which mediates its localization and function (Kocher and Krieger, 2009). When rat SR-B1 was over-expressed in an adrenal cell model, the receptor was reported to dimerize, restructure plasma membrane architecture, and to increase cholesteryl ester uptake (Reaven et al., 2006). Malignant tissues have been found to over-express the SR-BI receptor (Lacko et al., 2002, Shahzad et al., 2011) and patients with high expression levels have a tendency for worse prognoses (Shahzad et al., 2011; Schörghofer et al., 2015; Yuan et al., 2016; Feng et al., 2018). It is not known if over-expressed SR-B1 is in a dimeric or oligomeric state in cancer cells, but it is known that cancer patients have lowered blood cholesterol levels, particularly HDL cholesterol (Rose et al., 1974; Fiorenza et al., 2000; Shah et al., 2008; Muntoni et al., 2009).

HDL and Small Molecules

In case of HDL, the ‘selective lipid uptake mechanism’ involves HDL docking with its receptor (Murao et al., 1997) followed by internalization of only the core contents (cholesteryl esters), not the whole particle (Figure 4). The exact mechanism of how SR-B1 achieves selective lipid uptake is yet to be fully elucidated. It was postulated that SR-B1 forms a hydrophobic channel or pore when docked with HDL to allow passage of cholesteryl esters across the cell membrane (Rodrigueza et al., 1999). It has been reported that HDL undergoes retroendocytosis, in which the lipoprotein is taken up just inside the plasma membrane, delivers its cargo, and exits the cell without entering the endocytic pathway (Pagler et al., 2006; Sun et al., 2006; Rohrer et al., 2009). It is possible that the formation of an SR-B1 pore allows all hydrophobic materials (other than cholesteryl esters) to traverse the cell membrane, particularly when the receptor is over-expressed in cancer (Mooberry et al., 2010).
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FIGURE 4. Endosomal escape and direct cytosolic delivery of cargo using rHDL NPs.



One of the early reports in the literature observed that 82% of paclitaxel from the core of rHDL was taken up by the cell in a selective SR-B1-like mechanism (Mooberry et al., 2010). The drug uptake could be partially blocked by Apo A-I, discoidal Apo A-I/PC complexes or isolated human HDL (Mooberry et al., 2010). Further validation of selective delivery was shown with a model compound dilauryl fluorescein taken up in SR-B1-transfected cells that could be limited by adding either Apo-AI or excess rHDL (McConathy et al., 2011). Yang et al have also shown that gold templated HDL mimetic NPSs were found in the cytoplasm after administration to mice (Yang et al., 2013). Selective cytosolic delivery was also shown with an Apo A-I mimetic peptide/phospholipid nanocarrier created to carry the hydrophobic fluorophore, DiR-BOA (1, 1′-dioctadecyl-3, 3, 3′, 3′-tetramethylindotricarbocyanine iodide bis-oleate) in its core (Zhang et al., 2009; Case et al., 2012). Uptake of DiR-BOA did not co-localize with the lysosomal marker, LysoTracker. Z stacks obtained by confocal microscopy showed a cytosolic location for the fluorophore (Zhang et al., 2009). Additional reports with other drugs, such as valrubicin and fenretinide, have shown that SR-B1-mediated drug uptake from rHDL can be inhibited via the Block Lipid Transporter 1 (BLT1) or antibody blocking of SR-B1 (Sabnis et al., 2012, 2013; Johnson et al., 2017).

In an elegantly designed study, Lin et al used a multi-fluorophore-labeled NP, termed HDL-mimicking peptide phospholipid scaffold (HPPS) to probe uptake via the SR-B1-mediated pathway (Lin et al., 2014). The core of the HPPS NPs was fluorescently labeled with either DiR-BOA or Fluo-BOA (dioleyl fluorescein) (Zhang et al., 2010). Rhodamine-B-labeled phospholipids were incorporated into the phospholipid monolayer of the HPPS NPs. An 18-amino acid Apo A-I mimetic peptide was conjugated to a FITC label and complexed with HPPS NPs. The selective uptake was monitored in SR-B1-transfected cells. Lin et al. (2014) reported that a synthetic cholesteryl ester analog selectively entered the cells, leaving the phospholipids and peptide on the exterior of the cell. (Lin et al., 2014). Cytosolic delivery of the hydrophobic core content of the HPPS NP could not be inhibited by temperature changes or energy depletion. Utilizing endocytosis inhibitors to target either clathrin or actin revealed that the SR-B1-mediated uptake was an endocytic process. In contrast, the cytosolic delivery could be affected by disruption of lipid rafts or caveolae or the SR-B1 inhibitor, BLT1. However, it is known that disruption of lipid rafts/caveolae has minimal effect on the uptake of CE from HDL (Rhainds et al., 2004; Wustner et al., 2004). Mooberry et al. (2010) have shown that only 18% of the paclitaxel-loaded rHDL entered the cell via whole particle uptake, suggesting that these particles were endocytosed (Mooberry et al., 2010). The quantitative aspects of the multiple mechanisms involved in the uptake of the drug payload from rHDL NPs are yet to be elucidated.

HDL and Nucleic Acids

It important to cite the pioneering work done by several researchers in siRNA delivery and SR-B1 involvement. Bijsterbosch et al studied the biodistribution and organ accumulation of phosphorothioate antisense oligo whereby most of it (>90%) was found to be in the liver at 90 min indicating that scavenger receptors were involved (Bijsterbosch et al., 1997, 2000). Regarding the selective delivery of nucleic acids, the molecular weight differences are striking; the molecular weight of an average siRNA is approximately 20-fold that of the average drug molecule. However, it appears that direct cytosolic delivery of nucleic acids also occurs through SR-B1. It has been reported that endogenous HDL in the circulation carried endogenous microRNA and delivered it to target cells through SR-B1 (Vickers et al., 2011). Uptake of a fluorescently labeled siRNA via rHDL in SR-B1-expressing tumors and the liver in an ovarian cancer mouse model illustrates the ability of rHDL to deliver nucleic acids through SR-B1 (Shahzad et al., 2011). Using a fluorescently labeled cholesterol-conjugated siRNA (FAM-Chol-siRNA) packaged in rHDL, Ding et al observed delivery, specifically to the cytosol in the hepatocellular carcinoma cell line, HepG2 (Ding et al., 2012). Further studies validated the SR-B1-mediated direct cytosolic delivery of the FAM-Chol-siRNA by blocking uptake with endogenous HDL in the MCF7 breast cancer cell line. Secondly, the intracellular location of the FAM-Chol-siRNA was compared to the location of a LysoTracker signal and found to not colocalize (Ding et al., 2014). Other studies used fluorescently labeled transferrin as an endocytosis marker and found no co-localization with siRNA, delivered via an HDL-mimicking NP (Yang et al., 2011).

Direct cytosolic delivery of siRNA could be the explanation as to why HDL-type NPs exhibit favorable in vivo efficacy in tumor models (Shahzad et al., 2011; Ding et al., 2012, 2014). Concerns about off-target toxicity toward other SR-B1-expressing organs (particularly the liver) can be allayed by a study in which 72 h after administration, the fluorescent signal was still strong in the tumor, but cleared from the liver (Ding et al., 2014). Furthermore, liver function tests revealed no difference between control groups and rHDL/siRNA therapy groups (Shahzad et al., 2011). Additional preclinical and translational research will be necessary to demonstrate the advantages of an HDL-like NP platform. (McMahon and Thaxton, 2014). An excellent review by McMahon et al. (2016) further discusses HDL and its ability to transport and deliver different RNAi species for therapeutic applications (McMahon et al., 2016).

DRUG RESISTANCE AND rHDL

Resistance to therapy (chemo-resistance) leads to relapse and metastasis and thus substantially diminishes the prospects for remission or cure for cancer patients (Zheng, 2017). Consequently, resistance to anti-cancer drugs has continued to be a major impediment to effectively treating many cancers (Robey et al., 2018). The process is known as “multidrug resistance”, is a particularly difficult barrier to overcome, especially during the treatment of metastatic disease (Robey et al., 2018). Consequently, a reversal (Angelini et al., 2008) or prevention (Cole, 2014) of drug resistance, displayed by aggressively growing malignant tumors. Although numerous approaches (Harker et al., 1986; Hyafil et al., 1993; Choi et al., 2010), including administration of drugs (Koo et al., 2008) have been explored, the clinical efficacy of these treatments met only with limited success. Drug resistance thus remains to be a major obstacle in oncology (Robey et al., 2018).

Because the well-described mechanisms of drug resistance (Lin et al., 2014; Robey et al., 2018) often involve pumping units located in the membranes of malignant cells, the idea that cytoplasmic delivery of cytotoxic anti-cancer agents could overcome these obstacles has been considered by several investigators (Lin et al., 2014; Yang et al., 2014; Yin et al., 2015). These references include one of the earliest reports, providing data on cytoplasmic delivery of drug payloads via rHDL NPs (Lin et al., 2014). Our laboratory was the first to report that paclitaxel delivery to prostate cancer cells takes place primarily via facilitation of the SR-B1 receptor (Mooberry et al., 2010). This delivery route (not requiring the entry of the whole NP into the cell) is known to result in the transport of the lipoprotein payload directly to the cytosol (Ding et al., 2014). Drug resistance to chemotherapy may be avoided by utilizing the SR-B1-HDL interaction. The Thaxton lab has been using the gold templated HDL mimetic NPs to alter the cholesterol flux in cancer (leukemia and lymphoma) cells and to induce apoptosis, thereby completely avoiding the need for the use of cytotoxic drugs (Plebanek et al., 2015; Rink et al., 2017). Because each of these cell types has differing needs for cholesterol, it may be explored to determine whether other drug-resistant solid tumors may be successfully treated using gold core HDL mimetic NPs.

While this mechanism is attractive and our laboratory has now collected additional evidence for the selective delivery of the rHDL drug payload and for the endosomal escape, so far, there is no direct validation available for the hypothesis that rHDL transported therapeutic agents would be able to mediate or limit drug resistance. All indications point to the success of this approach that is likely to have ‘game-changing’ significance in the therapeutics of aggressive tumors and the management of other diseases as well.

CONCLUSION

In summary, rHDL NPs are inherently capable of overcoming several biological barriers to cancer therapy. Their small size, intrinsic targeting ability, endosomal escape, demonstrated safety in animal and human studies makes this platform highly attractive for new as well as traditional chemotherapy drugs which suffer from off-target toxicity issues. Liver toxicity could be a potential concern, however, we have not come across any report showing liver toxicity of rHDL delivered drugs in murine models. Our laboratory did not find any change in liver enzymes with STAT3 targeted siRNA for ovarian cancer therapy (Shahzad et al., 2011). Clearly, more research work is needed in this area to establish the effect of various drugs via this delivery system that they may have on hepatocytes and the liver itself. Although several aspects such as drug resistance need to be investigated further, we submit that rHDL based chemotherapy approach will likely shift the risk/benefit ratio associated with current chemotherapy.
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In this study, the structure–activity relationship of amphiphilic block copolymer micelles as nanosized drug delivery system was revealed. Firstly, a biodegradable triblock polymers PEG-DiHyd-PLA containing hydrazone bond was synthesized through the ring-opening polymerization. In this method, PEG-DiHyd-Phenol was used as the initiator and L-lactide as the monomer. Then, the polymeric micelles were formed and used as nano-drug carriers with pH sensitivity. The structure and composition of the polymer were characterized by infrared (IR), nuclear magnetic resonance (1H-NMR), and gel permeation chromatography (GPC), we characterized the self-assembling process of the triblock polymers and the pH sensitivity of the micelles by the means of transmission electron microscopy (TEM), dynamic light scattering method (DLS). Doxorubicin (DOX) acts as the model drug, and we researched the capacities of drug loading and release in vitro of the micelles. MTT experiments showed that the blank micelles of PEG-DiHyd-PLA were not cytotoxic to tumor cells (HepG-2, MCF-7) and normal cell (L-02 cells), but the DOX loaded ones displayed more toxicity than the ones without hydrazone, which was consistent to the further confocal laser scanning microscopy and flow cytometry study.

Keywords: triblock copolymer, pH-sensitive, cytotoxicity, micelles, tumor targeting

INTRODUCTION

In the past two decades, a large number of nanoparticulate drug delivery systems have been extensively explored as in cancer treatment. Some formulations in the form of liposome, polymer–drug conjugates, and micelle particulate have found their applications in clinics and even more are advanced to the stage of clinical trials. Recently, more sophisticated nano-system have been developed to increase the therapeutic efficacy of cancer by controlling of the drug release temporally or spatially. Stimuli-response functionality is becoming increasingly important due to applications in biotechnology and the crafting of smart materials. Stimulus (Xing et al., 2011), such as pH (Hrubý et al., 2005; Huang et al., 2015; Mei et al., 2016), temperature (Seo et al., 2015), reductant (Deng et al., 2015), and so on (Cheng et al., 2015), were applied to modulate the release profile of the therapeutic agents. Polymeric micelles that possess stimuli-responsive properties have been demonstrated their great potentials in maximizing the therapeutic efficacy by prolonging circulation life of drug, and minimizing side effects (Makino et al., 2015).

It was reported that it is more acidic around tumor than in blood and normal tissue (Webb et al., 2011). The inherent characteristic of tumor tissue makes pH-sensitive drug delivery systems more suitable for cancer chemotherapy. Furthermore, after endocytosis of the pH-sensitive micelles, an accelerated release of the payload occurs in endosomes and lysosomes, which have the low-pH of pH 5.5–6.0 and pH 4.5–5.0, respectively (Zheng et al., 2013).

A pH sensitive drug delivery system can be formed chemically or physically. Polymer-drug conjugate is one of the pH-responsive drug delivery systems that bearing with acid sensitive linkages between therapeutic molecule and polymer. Ulbrich (Hrubý et al., 2005; Ulbrich and Šubr, 2010) and Kataoka (Bae et al., 2003) conjugated block copolymers with doxorubicin (DOX) with an acid labile hydrazone containing linkage. The conjugates can form micelles and a boost release of DOX were found in an acidic environment upon the cleavage of hydrazone bonds. Hu et al. (2010) prepared biodegradable polymeric micelles with DOX conjugated block copolymer via hydrazone and carbamate linkage for DOX and the hydrazone ones have higher pH-sensitivity than the others. While, the frequently used hydrazone bond can only be formed between the DOX and hydrazine motif containing polymer. Anticancer drugs, such as paclitaxel, camptothecin and gemcitabine, are not appropriate for the linkage of hydrazone.

Physical entrapment of hydrophobic anticancer drugs in the core of a pH-responsive polymeric micelles is another way of forming a pH responsive system. In this case, pH sensitive parts are fixed on the body of carrier, on the side chain or backbone of the copolymer which forms the micelle, where sufficient structural changes are initiated in the low pH environment, triggering a boost release of drug simultaneously. Ding et al. (2009) connected poly(ethylene glycol) with stearic acid via a Schiff base bond linkage to form a pH-sensitive amphiphilic molecule mPEG-b-C18. The cleavage of the Schiff base bond under acidic condition resulted in disassociation of micelle and accelerated drug release. It is obvious that this kind of pH sensitive linkage is applicable for DOX but not limited to. The chemistry of pH-sensitive bond determines the performance of the drug delivery systems. There should be a perfect sensitivity that be able to hydrolyze quickly in acidic environments and stay unchanged in others. Acid labile linkages such as hydrazone (Bae et al., 2003; Hrubý et al., 2005; Hu et al., 2010; Ulbrich and Šubr, 2010), acetal (Gillies et al., 2004; Lu et al., 2010), orthoester (Tang et al., 2011; Cheng et al., 2012), citraconic amide (Cao et al., 2014), and Schiff base bonds (Ding et al., 2009) were reported. Among them, hydrazones were studied extensively for the easy preparations, moderate stability and favorable sensitivity.

In addition, the nature of micelle-forming amphiphilic copolymer should be also considered with respect to the biocompatibility, biodegradability, and capacity of drug loading. Usually biodegradable polymers such as polyester, poly (amino acid), and poly (anhydride) are core-forming materials and polyethylene glycols (PEG) (McPherson et al., 1998; Vonarbourg et al., 2006) form hydrophilic shell of micelles. The polyesters are preferred for their good biocompatibility and degradability (Witschi and Doelker, 1998). Poly (lactic acid) is widely used in drug delivery systems for its moderate degradation rate (Sinha et al., 2004).

In our previous studies, hydrazone containing di-block copolymers were used to form pH-sensitive carriers (Qi et al., 2017). Furthermore, with the discovery of more and more biocompatible polymer materials and atom transfer radical polymerization (ATRP) is becoming more and more mature (Cavallaro et al., 2014; Park et al., 2014; Ran et al., 2014; Visnevskij et al., 2014), triblock polymer has become favorable. Triblock polymers also can be used as drug carriers that aremore stable and controllable (Han et al., 2016). In this work, it was started with rational designing of PEG-based marcro-initiators with hydrazone bond imbedded, then hydrophobic polyester segment was incorporated by ring-opening polymerization. Micelles from the amphiphilic block polymer are both biodegradable and pH sensitive, for the controlled release of DOX.

MATERIALS AND METHODS

Materials

Polyethylene glycol (PEG; Mn = 6,000) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and dried in a vacuum oven at 70°C before use. L-Lactide (99.5%, Jinan Daigang Biomaterials Co. Ltd., Jinan, China), stannous octanoate [Sn(Oct)2, 95%, Sigma-Aldrich, St. Louis, MO, USA], 4-carboxybenzaldehyde (98%, Shanghai Darui, Shanghai, China), N,N′-dicyclohexylcarbodiimide (DCC, 98% Shanghai Darui, Shanghai, China), 4-dimethylaminopyridine (DMAP, 98% Shanghai Darui, Shanghai, China), methyl 4-hydroxybenzoate (98%, Shanghai Darui, Shanghai, China), and hydrazine hydrate aqueous solution (80%,Tianjin Kemiou, Tianjin, China) were used as received. Doxorubicin hydrochloride (Dalan Meilun Biotech., Dalian, China) was stirred with TEA (3 equiv.) in DMSO overnight before the solvent was evaporated using a rotary evaporator to get doxorubicin, i.e., DOX. All organic solvents were analytical reagents and used as received, except that toluene was dried by the sodium method to get anhydrous toluene.

Preparation of Tri-block Copolymer PEG-DiHyd-PLA

Synthesis of Dialdehyde Polyethylene Glycol (CHO-PEG-CHO)

CHO-PEG-CHO was prepared according to the reported procedure with some modifications (Ding et al., 2009). Firstly, PEG (8 g) in dichloromethane (DCM) (100 mL) reacted with 4-carboxybenzaldehyde in the presence of DCC (3 g) and DMAP (0.5 g) for 72 h in the oil bath of 40°C. Secondly, the solution was filtered and remove the white precipitate impurities of generated. After that, the filtrate was poured into a large amount of ether for precipitation and the solid was recrystallized three times with isopropyl alcohol. Finally, the product is dried in a vacuum drying chamber at 40°C to obtain a white powder solid. CHO-PEG-CHO white powder was obtained with a yield of 92.4%. Nuclear magnetic resonance (1H-NMR) (400 MHz, CDCl3): δ10.12 (Ar-CHO), δ8.21, δ7.97 (aromatic protons), δ3.65 (–OCH2CH2O–), δ4.52(–COOCCHO–).

Synthesis of (PEG-DiHyd-Phenol) Containing a Hydrazone Bond Initiator

Fristly, 4-hydroxybenzoylhydrazine was synthesized according to the previous method (Zheng et al., 2007). Then, 4-Hydroxybenzoichydrazine (0.3 g) reacted with CHO-PEG-CHO (4 g) in 30 ml methanol and 10 ml N,N-methyl formamide (DMF) at 68°C for 18 h. PEG-DiHyd-Phenol was also obtained by precipitation in ethylether, and yellow powder was obtained. 1H-NMR (400 MHz, CDCl3): δ8.41 (Ar-CH = N), δ10.58 (Ar-OH), δ3.60 (–OCH2CH2O–).

Synthesis of Triblock Copolymer PEG-DiHyd-PLA by Ring-Opening Polymerization

PEG-DiHyd-Phenol and L-lactide reacted in anhydrous toluene in the presence of stannous octanoate (100 μL). PEG-DiHyd-PLA with different molecular weights were synthesized by varying the ratio between PEG-DiHyd-Phenol and L-lactide. The reactions were conducted at 110°C under the protection of nitrogen gas for 24 h. The copolymer was precipitated three times with cold ethyl ether. It was dried at 45°C in vacuum. PEG-DiHyd-PLA were obtained with a yield of 72%. 1H-NMR (400 MHz, CDCl3): δ3.64 (–OCH2CH2O–); δ8.42 (Ar–CH = N); δ5.21 [protons on poly(L-lactic acid) part]; and δ8.09, δ7.92, δ7.84, and δ6.98 (aromatic protons). Meanwhile, PLA-PEG-PLA copolymers without hydrazone linkage were also prepared as pH non-responsive counterpart using PEG as the initiator.

Characterization

An AVATAR360 (Nicolet, USA) and an AVANCE 400 spectrometer (Brucker, Switzerland) were used to determine the chemical structure of the polymers. A Damn Eos (Wyatt, USA) gel permeation chromatograph (GPC) instrument equipped with Phenogel 10E6A column and an OPTILAB rEX refractive-index detector was used to determine the molecular weight and polydispersity. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mL/min at 30°C and polystyrene standards for the calibration. A Zetasizer Nano-ZS90 (Malvern Instruments, UK) and Transmission electron microscopy (JEM-100CX II TEM) were employed to determine the size and the morphology of the micelles.

Formation of the pH-Sensitive Micelles

PLA-PEG-PLA or PEG-DiHyd-PLA (30 mg) dissolved in THF 2 mL was added into 40 mL pure water by dropwise. The mixture was stirred for 36 h at room temperature. The sizes evolution in different solutions of the micelles were measured to determine the pH sensitivity. Ten milliliters freshly prepared micelle dispersions was adjusted to pH 5.0 or pH 4.0. The sizes were measured on DLS after 24 h incubation at 37°C with shaking. CMC was determined using pyrene as a fluorescence probe (Xu et al., 2016).

Drug Loading and Release

DOX was loaded into the micelles by solvent evaporation method. Typically, copolymers (25 mg) and DOX (2 mg) were dissolved in 1 mL acetone. The solution was added dropwise into 30 mL pure water stirring. Then, the micellar solution was dialyzed against water for 36 h. After filtered through a 0.22 μm syringe filter to remove undissolved DOX, DOX-loaded micelle dispersion was freeze-dried. The drug loading content (DLC was determined by the measurement of fluorescence of DOX (excitation wavelength at 481 nm and emission wavelength at 558 nm). DLC was calculated by the formula below:

[image: image]

The in vitro release experiments of DOX were conducted at 37°C. Dialysis bag (molecular weight cut-off: 8,000–14,000) filled with 3 mL micellar solution was sealed and immersed in 40 mL buffers solution. Three buffer solutions were used: acetate buffer (0.01 M, pH = 4), acetate buffer (0.01 M, pH = 5), and PBS (0.01 M, pH = 7.4). At desired time intervals, 4 mL of solution outside was taken out for fluorescence measurement. Meanwhile, 4 mL fresh medium was replenished. Cumulative released DOX was calculated according to following formula:
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In this equation, Er means cumulative release of DOX (%); Ve means volume to be taken very time (mL); V0, the volume of medium (mL); Ci, concentration when certain volume to be taken (μg/mL); mdrug, total mass of DOX contained in the release system (μg); n, sampling times.

In Vitro Toxicity Evaluation

MTT assay was applied to evaluate the cytotoxicity of the blank micelles, DOX-loaded micelles, using HepG-2, MCF-7, and normal L-02 cells (from the Shanghai cell bank of the Chinese Academy of Sciences, Shanghai, China). Cells were seeded and incubated for 24 h (37°C, 5% CO2) on a 96-well plate. The cell density is 5 × 103 cells per well in 100 μL of 1640 medium (containing 10% FBS). 24 h later, the medium in each well was removed and 100 μL DOX-loaded micelles or free DOX solution were added into the wells. Each concentration has four replicates. Each sample was performed in quintuplicate. After incubation for 48 h, and the viability of cells was measured using the methylthiazoletetrazolium method. Cell viability (%) was calculated by the following equation (Ahmad et al., 2014):
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where Asample and Acontrol is absorbance of the sample well and control well, respectively. Data are presented as average SD ± (n = 3).

Confocal Laser Scanning Microscopy

HepG-2 cells were seeded on the cover slips in culture dish with a density of 8 × 104 cell using RPMI-1640 medium supplemented with 10% FBS. 24 h later, free DOX, DOX-loaded PEG-DiHyd-PLA, and PLA-PEG-PLA micelles were added into the wells at the same DOX concentration of 10 μg/mL. After being incubated at 37°C for 3 and 12 h, the cells were washed with PBS and fixed with PBS containing 4% formaldehyde for 15 min at room temperature. The cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min. The fluorescence signals of DOX and DAPI staining were investigated and imaged by the confocal laser scanning microscopy system (CLSM).

Flow Cytometry Measurements

DOX-loaded micelles and free DOX uptake HepG-2 cells was assessed using the flow cytometry cell analyzer. HepG-2 cells were seeded in culture dish (5 × 105 cells) in 1640 media and incubated for 24 h at 37°C. Then, HepG-2 Cells were treated with 1.5 mL of fresh cell culture medium and containing free DOX and DOX-loaded nanoparticles (equivalent concentration of DOX was 10 μg/mL) were added. After 48 h of incubation, the drug containing media was collected, and cells were trypsinized (without EDTA), centrifuged, washed with Binding Buffer (1X) for two times. Then collect the cells, and stained with Annexin V-FITC and propidium iodide (PI) for 20 min following the operating instructions (In the dark environment). Finally, the sample was tested by flow cytometry within 1 h.

Statistical Analysis

Origin 8.5 and GraphPad Prism 5.0 Software were used for the statistical analysis Differences were considered statistically significant at P < 0.05, via one-way ANOVA and Student's t-test.

RESULTS AND DISCUSSION

Synthesis of pH Sensitive Tri-block Copolymers

The triblock polymer with hydrazone on the backbone was prepared by a direct polymerization method (Figure 1). A hydrazone containing macro-initiator was synthesized first which followed by a ring opening polymerization. The synthesis is illustrated in Figure 2. CHO-PEG-CHO was firstly obtained by conjugation of PEG with 4-carboxybenzaldehyde. And 4-hydroxybenzoichydrazide was synthesized from methyl 4-hydroxybenzoate. The reaction between CHO-PEG-CHO and 4-hydroxybenzoichydrazide gave a molecule which embedded with hydrazone bond and terminal hydroxyl group. It could initiate ring-opening polymerization of lactide, to produce the copolymer PEG-DiHyd-PLA. The 1H-NMR spectra of CHO-PEG-CHO (Figure 3A) show signals characteristic of δ10.12 (Ar-CHO), δ8.21, δ7.97 (aromatic protons), δ3.65 (–OCH2CH2O–), and δ4.52 (–COOCCHO–). Through the above analysis, we can confirm the success of the synthesis of CHO-PEG-CHO. 1H-NMR showed that the macroinitiator PEG-DiHyd-Phenol was successfully synthesized, as indicated by the signal at δ8.41, which was assigned to hydrazone protons (Ar-CH = N) (Figure 3B). In the spectra of PEG-DiHyd-PLA (Figure 3C), characteristic signals of PEG (δ3.64), and poly (L-lactic acid) part (δ5.21, δ8.09, δ7.92, δ7.84, and δ6.98) appeared. The characteristic signals of hydrazone bond (δ8.42) were found to confirm the successful synthesis of PEG-DiHyd-PLA. PLA-PEG-PLA without pH-sensitive linkage was also synthesized.
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FIGURE 1. Schematic illustration of the formation of ABA triblock polymer micelle and its degradation in acidic condition.
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FIGURE 2. Synthesis route of copolymers PEG-DiHyd-PLA. (i) 4-Formylbenzoic acid, DCC, DMAP,R.T.; (ii) (4-Hydroxybenzoyl) hydrazine, Methanol, DMF, 68°C; (iii) Lactide, Sn(oct)2, Toluene,110°C, N2.
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FIGURE 3. 1H-NMR spectra of polymers CHO-PEG-CHO (A), PEG-DiHyd (B), and PEG-DiHyd-PLA (C).



Molecular weights of synthesized polymers are listed in Table 1. PEG-DiHyd-PLA-15K, PEG-DiHyd-PLA-18K, and PEG-DiHyd-PLA-20K are three copolymers with different molecule weights by designation, corresponding to the feed ratios 1:127, 1:169, and 1:197 between initiator and monomer, respectively. They have the same hydrophilic block PEG (Mn = 5,267 g/mol) and different hydrophobic blocks in different molecular weights. The molecular weights were calculated using the integral ratio between resonances at δ5.16 (one of methylidyne protons on PLA) and δ3.64 (methoxy proton of PEG) in 1H-NMR spectra. The calculated values based on 1H-NMR spectra were consistent with the designed ones. Gel permeation chromatography (GPC) measurements confirmed a unimodal distribution of Mn (16.3, 18.1, and 19.7 kg/mol, respectively) and narrow distribution [polydispersity index (PDI): 1.31, 1.71, and 1.44]. Therefore, well-defined biodegradable triblock polymers PEG-DiHyd-PLA was successfully synthesized.


Table 1. Synthesis of triblock polymers PEG-DiHyd-PLA.
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Micelles were formed by adding the amphiphilic polymers PEG-DiHyd-PLA into aqueous solution. The micelles have diameters ranged from 70 to 130 nm and increase with their molecular weight. The average particle size of the drug loaded micelles was larger than that of the blank micelles, which may be due to the larger volume of micelles after the hydrophobic core of the drug loaded with the micelles (Guo et al., 2012; Bao et al., 2014). The loading capacity of DOX loaded polymer PEG-DiHyd-PLA-18K micelles was about 4.3%, and the PLA-PEG-PLA was 2.7%. As shown in Table 1, the CMC of the polymeric micelles were 1.6, 0.87, and 0.53 mg/L for PEG-DiHyd-PLA-15K, PEG-DiHyd-PLA-18K, and PEG-DiHyd-PLA-20K, respectively, determined by fluorescence measurements using pyrene as a probe. CMC-values of the polymers decreased from PEG-DiHyd-PLA-15K to PEG-DiHyd-PLA-20K, which originated from the increased hydrophobic interaction of micelle core. Such a low value of CMC indicates an excellent stability under diluted conditions in vivo, which is so important for the micellar drug delivery system.

The polymer PEG-DiHyd-PLA-18K micelles observed by TEM have a spherical core-shell like structure and are uniformly distributed (Figure 4a), the particle size of the polymer PEG-DiHyd-PLA-18K micelles measured by DLS is relatively small, both of which are about 70 nm, and the particle size distribution is narrow and PDI is lower than 0.2 (Figure 4b). It shows that the size of micelles is relatively uniform, and the particle size of micelle is basically consistent with the result of TEM determination. It was reported that nanoparticulate drug carriers can accumulate in tumor tissue via the enhanced permeability and retention (EPR) effect (Baish et al., 2011; Maeda and Matsumura, 2011) when their sizes are <200 nm. Thus, PEG-DiHyd-PLA micelles would effectively reach lesion sites, and achieve the goal of pH-controlled drug delivery.
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FIGURE 4. Images of micelles formed by PEG-DiHz-PLA-18K (a). The particle size of PEG-DiHyd-PLA-18K micelles (b).



pH-Triggered Size Change of the Blank Micelles

The pH-responsive evolution of micelle was monitored by DLS measurements. As illustrated in Figure 5A, the size distribution of hydrazone-containing PEG-DiHyd-PLA-18K micelles underwent obvious changes under acidic conditions (pH 4.0, pH 5.0) while stable under physiological condition (pH 7.4). Multiple peaks appeared in the DLS curve and the solution became turbid due to precipitation, which was resulted from the decomposition of the pH-sensitive micelles in acidic environments. In contrast, PLA-PEG-PLA-18K micelles without hydrazone bonds kept almost unchanged under all pH conditions (Figure 5B) in 24 h. It is supported that the pH sensitive micelles will keep stable in blood circulation and protect their payload from being released before access targeting tumor tissue. After they encounter tumor tissue via EPR effector internalized by tumor cell where there is acidic condition, the loaded drug will be released instantly.


[image: image]

FIGURE 5. The size change of PEG-DiHyd-PLA-18K (A); PLA-PEG-PLA-18K (B) micelles at different pH for 24 h.



In Vitro Controlled Release of DOX

The in vitro drug release behaviors under various conditions were investigated (Figure 6A). DOX released from DOX loaded PEG-DiHyd-PLA-18K micelles at physiological pH was about ca. 38% in 24 h. The release rate was significantly promoted at pH 5.0 and 4.0, with accumulated release above 75% in 24 h, and there is no obvious difference between them. It is the pH-sensitive hydrazone bond results the pH-controlled drug release profile of polymeric PEG-DiHyd-PLA-18K micelles. Comparably, Figure 6B, the release of DOX from pH insensitive polymeric micelles showed a similar rate of release. Under different pH conditions, there was no pH-dependent release profile, with cumulative release of about 40% in 24 h. This results are consistent with the size changes in different conditions for the two types of micelles. The pH-responsive release of the hydrazone containing micelles might underwent a cleavage-disassociation-release process.
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FIGURE 6. In vitro release of DOX from PEG-DiHZ-PLA-18K (A); PLA-PEG-PLA-18K (B) micelles. Error bars indicate the standard error of the mean (SEM) for n = 3 independent experiments (*p < 0.05).



MTT Assay of DOX-Loaded Micelles

The cytotoxicity of the blank micelles were tested in MCF-7, HepG-2, and normal hepatocyte L-02 cells by a MTT assay. Cells viabilities of cells was above 90% for both blank PLA-PEG-PLA-18K and PEG-DiHyd-PLA-18K micelles following 48 h incubation (Figure 7), which meant that the blank micelles are remarkably no-toxic and biocompatible up to a concentration of 0.8 mg/mL.
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FIGURE 7. The cytotoxicity of blank PLA-PEG-PLA-18K, PEG-DiHyd-PLA-18K micelles incubated with HepG-2, MCF-7, and L-02 cells for 48 h. Error bars indicate the standard error of the mean (SEM) for (n = 3) independent experiments.



In vitro antitumor capability of PEG-DiHyd-PLA-18K based drug delivery systems are tested. Formulations including free DOX, DOX loaded PLA-PEG-PLA-18K, and PEG-DiHyd-PLA-18K micelles were evaluated against MCF-7, HepG-2, and L-02 cell lines. The IC50-values for various DOX for mutations and free DOX are summarized in Table 2, As shown in Figure 8, for all of the cells, the formulations showed a dose dependent cell proliferation inhibition behaviors after a 48 h incubation, free DOX showed higher in vitro toxicity to each cell, compared to the other two micelle formulations. DOX is a small molecule, so it can be quickly transported into cells and reach nuclei by passive diffusion (Cui et al., 2013). This is why the inhibition effect of free DOX was the strongest. While, for HepG-2 and MCF-7 cells (Figures 8A,B), pH sensitive DOX loaded PEG-DiHyd-PLA-18K micelles was more toxic than DOX loaded PLA-PEG-PLA-18K. Superior cell-killing capability of DOX loaded PEG-DiHyd-PLA-18K micelles may be due to the fact that entry of pH-sensitive micelles through endocytosis and drug release into the cytoplasm triggered by endosome pH are quick and efficient processes (Tang et al., 2011). As shown in Figure 8C, compared with free DOX, the DOX-loaded micelles exhibited significantly reduced cytotoxicity on L-02 cells, which is probably due to their slower uptake of DOX-loaded micelles by L-02 cells. While, there was no significant difference in the cytotoxicity between the two DOX-loaded micelles, which could be attributed to the limited of acid environment in L-02 cells compared with tumor cells (Qin et al., 2017).


Table 2. Half-inhibitory concentration (IC50) of loaded-DOX micelles and free DOX on HepG-2, MCF-7, and L-02 cells.
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FIGURE 8. The cytotoxicity of DOX loaded PLA-PEG-PLA-18K, PEG-DiHyd-PLA-18K micelles and Free DOX incubated with HepG-2 cells (A), MCF-7 cells (B), and L-02 (C) at different DOX concentrations 48 h. Data were presented as mean ± standard deviation (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001).



Cellular Uptake of the Drug-Loaded Micelles

The intracellular localization and distribution of DOX-loaded micelles were investigated in HepG-2 cells using CLSM after incubation for 3 and 12 h (Figure 9). As shown in Figure 9a, for the DOX loaded micelles, most of the red fluorescence appears in the cytoplasm, and there is no obvious difference between the two drug loaded micelles. But with extended incubation time to 12 h, it was also observed that the pH sensitive DOX-loaded PEG-DiHyd-PLA-18K micelles showed relatively strong red fluorescence in the nucleus, while the red fluorescence of the DOX-loaded PLA-PEG-PLA-18K micelles was mainly in the cytoplasm and the nuclei were less (Figure 9b). That was due to the accelerated DOX release from hydrazone-containing micelles in the acidic tumor microenvironment. The accumulation of DOX-loaded micelles was lower than that of free DOX with the same incubation time, the possible reason is that free DOX transported into cells via a passive diffusion mechanism (Li et al., 2014). Compared to DOX-loaded PLA-PEG-PLA-18K micelles, the quick and efficient uptake of DOX from pH sensitive micelles greatly inhibited the growth of the tumor cell.


[image: image]

FIGURE 9. Representative CLSM images of HepG-2 cells incubated with DOX-loaded mPEG-DiHyd-PLA-18K Micelle solution (A), DOX loaded PLA-PEG-PLA-18K micelle solution (B), and free DOX (C) solution for 3 h (a) and 12 h (b). The cellular nuclei and cytoskeleton of cells were stained with DAPI (blue) and DOX (red), respectively. DOX concentration is 10 μg/mL for any DOX containing solutions.



Apoptosis of the Drug-Loaded Micelles

Apoptosis has been reported to be one of the primary mechanisms of action of DOX (Wang et al., 2017). Incubated with HepG-2 cells at a equivalent concentration of 10 μg/mL DOX for 48 h (Yang et al., 2016), the effect of free DOX, DOX loaded PLA-PEG-PLA-18K, and PEG-DiHyd-PLA-18K micelles on apoptosis was shown in Figure 10, the total apoptosis ratio of DOX-loaded PLA-PEG-PLA-18K micelles was about 38% (a sum of the early apoptosis ratio of 26.89% and the late apoptosis ratio of 10.62%). With the HepG-2 cells treated with pH sensitive DOX loaded PEG-DiHyd-PLA-18K micelles, there is a 78% apoptosis ratio which is higher than 38%, which is likely due to the e accelerated release of the drug molecules from micelles with acid-labile hydrazone linkage by sensing the acidic environment of the endosomal compartments. The higher apoptosis rate of free DOX with the same incubation time, most likely because free DOX could diffuse passively through cell membranes quicker, whereas drug loaded micelles were internalized into cells via slower endocytosis (Hu et al., 2010). Apoptosis experiment again confirms the superiority advantages of pH sensitive micelles in tumor targeting therapy.


[image: image]

FIGURE 10. Apoptotic cell populations determined by flow cytometric analysis with Annexin V-FITC and PI staining after incubating HepG-2 cells for 48 h, DOX equivalent concentration was 10 μg/mL. The lower-left and upper-left quadrants in each panel indicate the populations of normal cells and necrotic cells, respectively. While the lower-right and upper-right quadrants in each panel indicate the populations of early and late apoptotic cells, respectively.



CONCLUSIONS

In this work, a type of pH-sensitive polymeric micelles was prepared as carrier of DOX. A triblock copolymer has one hydrophilic PEG segment and two hydrophobic PLA segments. pH-sensitive hydrazone bond was used to connect them together, denoted as PEG-DiHyd-PLA. The copolymercan self-assemble into micelles with uniformed size below 100 nm and narrow size distribution. The size of the hydrazone-containing micelles underwent obviously changes in mildy acidic environments while kept unchanged in the neutral. Almost no change was found for polymeric micelles without hydrazone (PLA-PEG-PLA). DOX was successfully loaded into the micelles and presented a more rapid and complete drug release in acidic condition (pH 5.0). The results of in vitro cell assay revealed that the blank micelles were non-toxic and good biocompatibility. DOX-loaded PEG-DiHyd-PLA micelles possessed higher anti-tumor activity to kill the MCF-7 and HepG-2 cells in comparison with DOX loaded PLA-PEG-PLA micelles and less cytotoxicity to normal L-02 cells at similar DOX concentrations. Confocal and apoptotic experiments also proved that superiority advantages of pH sensitive micelles for tumor therapy.
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Ibuprofen (IBU) is a non-steroidal anti-inflammatory drug (NSAID), which is widely used to reduce fever and treat inflammation and acute pain. Recently, its application in cancer treatment is also being explored. In this work, we synthesized a well-defined IBU-based amphiphilic diblock copolymer via reversible addition fragmentation transfer (RAFT) polymerization of IBU-based vinyl monomer. The amphiphilic copolymer POEG-b-PVBIBU (denoted as POVI) was composed of a hydrophilic poly(oligo(ethylene glycol)) block and a hydrophobic IBU-bearing prodrug block, which was able to self-assemble into prodrug nanomicelles. In addition, it could serve as a carrier to co-load other drugs including doxorubicin (DOX), paclitaxel (PTX), and docetaxel (DTX). By using DOX as a model anti-cancer drug, the delivery function of POVI carrier, including the drug release, in vitro cytotoxicity, cellular uptake, and in vivo antitumor activity, was evaluated. DOX-loaded POVI micelles exhibited sustained release of DOX. Besides, DOX/POVI micelles were effectively taken up by tumor cells with an efficiency comparable to that of free DOX. Moreover, in vivo studies showed that POVI carrier itself had modest antitumor activity. After loading DOX, the antitumor activity was significantly increased, which was significantly higher than that of free DOX. Our results suggest that POVI polymer represents a simple and effective dual-functional carrier for co-delivery of IBU and DOX to improve the anticancer activity.
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INTRODUCTION

The clinical applications of many antitumor drugs, such as doxorubicin (DOX), paclitaxel (PTX), and docetaxel (DTX), were limited by their low water solubility, poor bioavailability, and high toxic side effects (Lee et al., 2011; Senevirathne et al., 2016). To overcome these problems, various nanocarriers including micelles, dendrimers, and liposomes have been designed and developed for delivery of these hydrophobic antitumor drugs (Cho et al., 2008; Shen et al., 2010; Wei et al., 2013; Koudelka et al., 2015; Wang et al., 2015, 2017; Miao et al., 2017). Due to the small size, good stability, and unique core–shell structure, polymeric micelles have gained tremendous interest in the drug delivery field (Gaucher et al., 2005; Rösler et al., 2012). The hydrophobic core of micelles can encapsulate hydrophobic antitumor drugs via hydrophobic interactions, and the hydrophilic shell endows the micelles colloidal stability and protects the loaded drug from premature burst release.

It is well known that the constructing material, especially the hydrophobic domain of the polymeric micelles, plays a very important role in the delivery function of carriers (Zhang et al., 2014). Recently, increasing attention has been focused on the usage of bioactive compounds as hydrophobic moieties of polymeric carriers. These carriers themselves possess biological activity, which are termed as prodrug carriers (Craparo et al., 2013; Chen et al., 2016; Sun et al., 2017a). More importantly, some bioactive compounds with special structures in the prodrug carriers could interact with the co-loaded drug via π–π stacking effect, thereby improving the drug loading capacity (DLC; Sun et al., 2017b).

Non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen (IBU), indomethacin, and aspirin, are widely used to treat fever, arthritis, and rheumatic diseases. The anti-inflammatory effect of NSAIDs comes from the inhibition of the cyclooxygenase (COX) enzymes, including COX-1 and COX-2, which leads to the decrease of the production of prostaglandin, an important signaling molecule in the inflammation (Lim et al., 1999). Recently, accumulating evidences demonstrate that NSAIDs not only have anti-inflammatory effect, but also hold great potential in the prevention and treatment of several types of cancers (Ulrich et al., 2006). It has been suggested that the antitumor activity of NSAIDs can be partially explained by COX inhibition of prostaglandin synthesis (Ahnen, 1998). Other COX-independent mechanisms including inhibition of cell cycle progression (Gately and Kerbel, 2003) and induction of apoptosis (Davies et al., 2002) also contribute to the antitumor activity of NSAIDs. IBU is a commonly used NSAID that has been proven to inhibit proliferation of many tumor cells (Dial et al., 2006; Bonelli et al., 2011). Studies also demonstrate that IBU exhibited superior antitumor effect compared to other NSAIDs, mainly through the alteration of cell-cycle and induction of apoptosis (Andrews et al., 2002; Janssen et al., 2008). Moreover, compared to conventional anticancer drugs, IBU shows decreased side effect. Due to the potential of IBU in cancer treatment, IBU-conjugated prodrug polymers with various molecular structures have been developed to improve the water solubility and bioavailability of IBU. For example, Hasegawa and colleagues synthesized a series of amphiphilic diblock copolymers (PEG-PIBU) containing a hydrophilic poly(ethylene glycol) block and a hydrophobic IBU-bearing prodrug block (Hasegawa et al., 2013). By adjusting the length of hydrophobic IBU block, these polymers could self-assemble to form micelles with different morphologies. Wang et al. (2014) prepared another amphiphilic micellar carrier based on IBU-conjugated polymer for delivery of IBU. They found that in addition to the chemical conjugation, IBU could also be physically encapsulated into the micelles.

Although NSAIDs have potential antitumor activity, very high dosages of NSAIDs are needed to achieve a modest antitumor effect (Smalley and DuBois, 1997). Combination treatment of NSAIDs with other chemotherapeutic drugs is still necessary for cancer therapy (Endo et al., 2014; Lee et al., 2016). Recently, our group prepared a nanomicellar carrier that was self-assembled from PEG-Fmoc-IBU conjugate for co-delivery of IBU and PTX (Zhao et al., 2016). The IBU-based carrier showed synergistic antitumor effect with PTX, but there is only one IBU unit per carrier molecule, and thereby, large amounts of carriers were needed to deliver enough IBU dosage to tumor tissues, which might cause the unfavorable side effects.

Thus, in this work, we developed another IBU-containing polymeric carrier system with increased number of IBU units per polymer molecule via a simple synthesis method. We synthesized a POEG-b-PVBIbu diblock copolymer with a hydrophilic POEG block and a hydrophobic IBU block by reversible addition fragmentation transfer (RAFT) polymerization. The IBU-based prodrug polymer can form stable micelles with multiple IBU hydrophobic moieties in the core, which increases the solubility of IBU and allows more IBU being delivered into the tumor. Additionally, the micelle can serve as a carrier to encapsulate other hydrophobic chemotherapeutic drugs including DOX, DTX, and PTX. The size distribution and morphologies of drug-loaded micelles were evaluated. By using DOX as a model drug, the drug release, cellular uptake and antitumor activity were investigated in vitro and in vivo.

MATERIALS AND METHODS

Materials

Vinylbenzyl chloride, 2, 2-Azobis(isobutyronitrile) (AIBN), 1,4-dioxane, trypsin-EDTA solution, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and Dulbecco’s Modified Eagle’s Medium (DMEM) were all purchased from Sigma-Aldrich (St. Louis, MO, United States). AIBN was purified by recrystallization in anhydrous ethanol. DOX⋅HCl and DTX were purchased from LC Laboratories (Woburn, MA, United States). PTX was purchased from AK Scientific Inc. (Union City, CA, United States). Fetal bovine serum (FBS) and penicillin-streptomycin solution were all purchased from Invitrogen (NY, United States). POEG macroCTA were prepared as previously reported (Sun et al., 2016a).

Synthesis of Ibu-Monomer

Vinylbenzyl chloride (1 eq.), IBU (1.5 eq.), and K2CO3 (2 eq.) were dissolved in DMF (5 eq.). The mixture was stirred at 50°C for 24 h, and then equal volume of water was added. The crude product was extracted by DCM for three times, and then purified by silica gel column chromatography.

Synthesis of POEG-b-PVBIbu Polymers

Ibu-monomer (180 mg, 0.559 mmol), POEG macroCTA (280 mg, 0.0372 mmol), AIBN (2 mg, 0.0124 mmol), and 2 mL dried 1, 4-dioxane were placed in a Schlenk tube. The mixture was degassed under N2 by three freeze-pump-thaw cycles, and then immersed into an oil bath at 90°C. After 24 h, the polymerization was quenched by placing the Schlenk tube into liquid nitrogen. The polymer mixture was precipitated in petroleum ether for three times and dried in vacuum.

Characterization of the Synthesized Monomer and Polymers

1H NMR spectrum was conducted on a Varian 400 FT-NMR spectrometer at 400.0 MHz with CDCl3 as the solvent. Molecular weight (Mn and Mw) and polydispersity index (Mw/Mn) of the synthesized polymers were determined by gel permeation chromatography (GPC) equipped with a Waters 2414 refractive index detector, a Waters 515 HPLC pump, and a Waters 717 Plus Autosampler. THF was used as the eluent with a flowing rate of 1.0 mL/min at 35°C. A series of polystyrene standards with narrow molecular weight distribution were used for calibration.

Preparation of Drug-Free Micelle and Drug-Loaded Micelles

The blank POVI micelles and drug-loaded micelles were prepared by dialysis method. The polymer POVI and drug (DOX, PTX, or DTX) with certain mass ratio were dissolved in DMSO, which were then transferred to dialysis bags (MWCO 3.5 kDa), and dialyzed against PBS for 24 h. The size distributions and morphologies of blank and drug-loaded micelles were measured by dynamic light scattering (DLS) and transmission election microscopy with negative staining.

Doxorubicin concentration was detected by Fluorescence Microplate Reader with excitation wavelength of 490 nm and emission wavelength of 590 nm. PTX concentration was measured by reverse phase high-performance liquid chromatography (RP-HPLC) with a mobile phase of methanol/water (70:30 v/v) at the flow rate of 1.0 mL/min, and UV detection at 227 nm. DTX concentration was detected by RP-HPLC with a mobile phase of acetonitrile/water (50:50 v/v) at the flow rate of 1.0 mL/min, and UV detection at 230 nm.

Drug loading capacity and drug loading efficiency (DLE) were calculated according to the following formula:

DLC (%) = [weight of drug loaded/(weight of polymer + drug used)] × 100%

DLE (%) = (weight of loaded drug/weight of input drug) × 100%.

Critical Micelle Concentration (CMC) of POVI Micelle

Critical micelle concentration (CMC) of POVI micelle was measured using Nile red as a fluorescence probe (Klaikherd et al., 2009; Sun et al., 2016b); 10 μL Nile red in chloroform was added into each tube, and the solvent was removed by air flow and vacuum pump. Polymer solution (120 μL) with concentrations ranging from 1 × 10-4 to 0.5 mg/mL was added to each tube, and incubated overnight. The fluorescence intensity of each sample was detected by a Synergy H1 Hybrid Multi-Mode Microplate Reader (Winooski, VT, United States) at a wavelength of 480/620 nm (excitation/emission).

In Vitro Drug Release Study

Doxorubicin-loaded POVI micelles (0.5 mg DOX/mL) in PBS (pH = 7.4) was placed in a dialysis bag (MWCO = 12 kDa, Spectrum Laboratories), and incubated in a 200-mL beaker with PBS containing 0.5% (w/v) Tween 80, with gentle shaking (100 rpm/min) at 37°C. DOX solution in saline with the same concentration was used as a control. The concentration of DOX outside the dialysis bag was measured by a fluorescence microplate reader at designated time points and the values were reported as the means of triplicate samples.

Cell Culture

Mouse metastatic breast cancer cell line 4T1.2, human breast cancer cell line MCF-7, and androgen-independent human prostate cancer cell line PC-3 were cultured at 37°C in DMEM containing 10% FBS and 1% penicillin-streptomycin in a humidified environment with 5% CO2.

In Vitro Cytotoxicity Study

4T1.2 (1500 cells/well), MCF-7 (4000 cells/well), or PC-3 (2500 cells/well) were seeded in 96-well plates and incubated for 24 h. Then the cells were treated with various concentrations of drug-free POVI micelles, DOX-loaded POVI micelles, or DOX. After incubation for 72 h, 20 μL of MTT in PBS (5 mg/mL) was added into each well and further incubated for 4 h. The medium was then removed, and DMSO was added to solubilize the MTT formazan. The absorbance of each well was measured with a microplate reader at a wavelength of 550 nm and a reference wavelength of 630 nm. Untreated cells were used as a control. Cell viability was calculated as [(ODtreat - ODblank)/(ODcontrol - ODblank) × 100%].

Intracellular Trafficking

4T1.2 cells (15,000/well) were seeded in glass bottom dishes (In Vitro Scientific, United States), and incubated overnight. The cells were treated with free DOX and DOX/POVI micelles (DOX concentration: 15.5 μg/mL) for 2 and 4 h separately. Then cells were stained with Hoechst 3342 for 15 min, and washed with cool PBS for three times. The intracellular distributions of different DOX formulations were observed under a confocal laser scanning microscope (CLSM, FluoView 1000, Olympus, Japan).

Animals

Female BALB/c mice (6–8 weeks) were purchased from Charles River (Davis, CA, United States). All animals were housed under pathogen-free conditions according to Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) guidelines. All animal-related experiments were performed in full compliance with institutional guidelines and approved by the Animal Use and Care Administrative Advisory Committee at the University of Pittsburgh.

In Vivo Therapeutic Study

A syngeneic murine breast cancer model (4T1.2) was used to evaluate the therapeutic efficacy of DOX-loaded POVI micelles. 4T1.2 cells (2 × 105 cells/mouse) were inoculated s.c. at the right flank of female BALB/c mice. When the tumor volume reached ∼50 mm3 (day 0), mice were randomly divided into four groups (n = 3) and received i.v. administration of saline (control), POVI micelles, free DOX, and DOX-loaded POVI micelles, respectively, on days 0, 3, 6, 9, 12, 15, and 18. The DOX dosage for free DOX and DOX-loaded POVI micelles was 5 mg DOX/kg. The dosage for POVI micelles was 73 mg POVI/kg, which was the same as that of POVI in DOX-loaded POVI micelles. Tumor volumes were measured with digital caliper and calculated as V = (L × W2)/2, where L is the longest and W is the shortest tumor diameters (mm). Each group was compared by relative tumor volume (RTV = V/V0, V0 was the tumor volume prior to first treatment). Mice were sacrificed when the tumor volume reached ∼2000 mm3. The size and weight of tumor stripped from the mice were measured. To evaluate the potential toxicity, the body weights were also monitored during the entire course of treatment.

Histochemical Staining

After in vivo therapeutic study, tumor tissues were excised and preserved in 4% formaldehyde in PBS, followed by embedment in paraffin. The paraffin-embedded tumor samples were cut into thin slices of 5 μm with an HM 325 Rotary Microtome. Then the slices were stained with hematoxylin and eosin (H&E) for histopathological examination under a Zeiss Axiostar plus Microscope (PA, United States).

Statistical Analysis

All results were reported as the mean ± SD unless otherwise indicated. Statistical analysis was performed with Student’s t-test for two groups, and one-way ANOVA for multiple groups, followed by Newman–Keuls test if P < 0.05. In all statistical analysis, P < 0.05 was considered statistically significant.

RESULTS

Synthesis of POEG-b-PVBIbu Polymers

Reversible addition fragmentation transfer polymerization of functional monomer has become an attractive strategy to obtain well-defined functional polymers for drug/gene delivery (Sun et al., 2013a,b; Tucker et al., 2015). In this work, we synthesized a well-defined IBU-based prodrug polymer via RAFT polymerization of IBU-conjugated monomer, and investigated its function as a dual-functional carrier for co-delivery of other chemotherapeutic drugs.

As shown in Scheme 1, we first designed and synthesized a vinylbenzyl derivative of IBU (IBU-monomer) where IBU was conjugated with vinylbenzyl chloride via a hydrolyzable ester linkage. Then, the macro-chain transfer agent POEG macroCTA was synthesized by RAFT polymerization as previously reported (Sun et al., 2016a), which further initiated the polymerization of IBU-monomer to give the POEG-b-PVBIbu block copolymers. The structures of the monomer and polymer were confirmed by 1H NMR (Figure 1). As shown in Figure 1A, the average degree of polymerization (DP) of the Ibu-monomer was determined to be 12 by comparing the intensities of Ib and Ia. GPC showed unimodal peaks for the polymer with number-average molecular weight Mn of 10,700, and polydispersity of 1.20 (Figure 1B), which indicated the successful synthesis of the well-defined POEG-b-PVBIbu (POVI) block copolymers.
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SCHEME 1. Synthesis of the IBU-monomer and POEG-b-PVBIBU (POVI) polymers via RAFT polymerization.




[image: image]

FIGURE 1. (A) 1H NMR spectrum of the POEG-b-PVBIBU (POVI) diblock copolymer in CDCl3. (B) Gel permeation chromatography curve of the POVI diblock polymer.



Preparation and Physicochemical Characterization of POVF Blank Micelles and Drug-Loaded Micelles

POVF blank micelles and drug-loaded micelles (including DOX/POVI, PTX/POVI, and DTX/POVI) were successfully prepared by dialysis method, and the physicochemical characterization is summarized in Table 1. DLS analysis showed that POVF polymers could form nano-sized micelles with a diameter of 82 nm. The sizes of micelles slightly increased to 92, 106, and 98 nm after loading of DOX, PTX, and DTX, respectively (Figure 2), which may be due to that the encapsulated hydrophobic drugs enlarged hydrophobic core of the micelles. The morphologies of the blank and drug-loaded micelles were evaluated by transmission electron microscopy (TEM). As shown in Figure 3, these micelles are spherical in morphology with uniform size. DLE and capacity were measured by a fluorescence microplate reader. As shown in the Table 1, POVI polymer was able to load DOX with a loading capacity of 6.4%. In addition, POVI polymers could also serve as a carrier to load other drugs such as PTX and DTX.

TABLE 1. Physicochemical characterization of POVI blank micelle and drug-loaded micelles.
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FIGURE 2. Size distribution of POVI (A), DOX/POVI (B) (mass ratio of micelle to DOX = 10:1), PTX/POVI (C), and DTX/POVI micelles (D) (mass ratio of micelle to PTX/DTX = 20:1).
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FIGURE 3. TEM images (direct mag: 150,000X) of POVI (A), DOX/POVI (B) PTX/POVI (C), and DTX/POVI (D) micelles.



The CMC value of POVF micelles was evaluated with Nile red as a fluorescence probe. As shown in Figure 4, the CMC of POVI micelles was measured to be 9.8 mg/L. The low CMC suggests a good stability of our micelles following dilution in the blood after i.v. administration.
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FIGURE 4. Critical micelle concentration (CMC) of POVI micelle.



Release Kinetics of DOX

The release kinetics of DOX from DOX/POVI micelles was evaluated using a dialysis method, and free DOX solution was used as a control. As shown in Figure 5, free DOX solution showed a burst DOX release of almost 80% within the first 12 h, while DOX/POVI micelles showed a slow DOX release of about 43%. Even after 72 h, less than 50% of DOX was released from DOX/POVI micelles.
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FIGURE 5. DOX release from DOX-loaded POVI micelles via a dialysis method. PBS solution was used as release medium, and DOX concentrations were analyzed at 0, 1, 2, 4, 6, 8, 12, 24, 36, 48, and 72 h.



In Vitro Cytotoxicity of DOX/POVI

In vitro cytotoxicity of DOX/POVI micelles was evaluated in 4T1.2, MCF7, and PC3 cell lines. As shown in Figure 6, POVI carrier did not show any remarkable cytotoxicity among all cell lines tested. DOX/POVI micelles and DOX solution exhibited potent cytotoxicity in a concentration-dependent manner. DOX/POVI micelles exhibited lower cytotoxicity than free DOX in the three cell lines, which is likely due to the slow release of DOX from DOX/POVI micelles.
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FIGURE 6. In vitro cytotoxicity of DOX/POVI micelles. 4T1.2 (A), MCF7 (B), and PC3 (C) cells were treated with DOX-free POVI, DOX/POVI micelles, and free DOX for 72 h, and the cytotoxicity was determined by MTT assay, respectively.



Intracellular Trafficking

Intracellular trafficking and distribution of DOX/POVF micelles were studied by confocal laser scanning microcopy (CLSM). 4T1.2 cells were incubated with free DOX and DOX/POVF micelles for 2 and 4 h, respectively. At 2 h, cells treated with DOX/POVF micelles exhibited strong DOX fluorescence signals around the nucleus, similar to the cells treated with free DOX (Figure 7A). At 4 h, increased signals of red fluorescence appeared in nuclei, both for DOX/POVF micelle group and free DOX group (Figure 7B).
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FIGURE 7. Intracellular trafficking of DOX in 4T1.Cells were treated with free DOX, DOX/POVI micelle at 15.5 μg/mL for 2 h (A) and 4 h (B). The nuclei were stained with Hoechst 33342. Scale bar: 20 μm.



In Vivo Therapeutic Efficacy Evaluation

The in vivo therapeutic efficacy of DOX/POVI micelles was evaluated in the 4T1.2 breast tumor-bearing BALB/c mice. The mice were treated with saline, POVI carrier, free DOX, and DOX/POVI micelles by i.v. injection, respectively. As shown in Figure 8A, DOX exhibited a modest tumor growth inhibition at a dose of 5 mg DOX/kg. DOX/POVI micelles were more effective than DOX in inhibiting tumor growth (p < 0.05) at the same dose. Interestingly, POVI carrier alone also showed tumor growth inhibition effect, although it was less effective than DOX.
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FIGURE 8. In vivo therapeutic efficacy of DOX/POVI micelles. BALB/c mice in 4T1.2 murine breast cancer model were injected with saline, POVI, free DOX, and DOX/POVI (5 mg DOX/kg body weight) on days 0, 3, and 6, separately. ∗P < 0.05; ∗∗P < 0.01 (vs saline). (A) Relative tumor volume curves of mice receiving different treatments. (B) Changes of body weight in mice were monitored. (C) Image of tumors stripped from mice on the day 18. (D) Tumor weights of mice were measured on day 21 and tumor growth inhibition (%) was calculated. ∗∗P < 0.05 (vs free DOX).



No significant changes were found in the body weights of mice following various treatments (Figure 8B), indicating that all treatments were well tolerated. Figure 8C shows the photographs of tumors removed from the mice after various treatments. Compared to saline treatment group, DOX/POVI treatment led to an obvious decrease in tumor size. The tumor growth inhibition rate of DOX/POVI micelles is calculated to be significantly higher than those of free DOX and POVI blank micelles (P < 0.05; Figure 8D).

Figure 9 shows the images of H&E-stained slices of tumors collected after the completion of in vivo therapy study. Tumors treated with saline showed normal tumor morphology with large nuclei. In contrast, tumors in other treatment groups showed shrunk nuclei. Among them, DOX/POVF treatment resulted in the most significant tumor necrosis.
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FIGURE 9. H&E stained tumor tissues from mice received different treatments: (A) saline, (B) POVI, (C) free DOX, and (D) DOX/POVI at a dosage of 5 mg DOX/kg. Three injections were made into BALB/c mice bearing 4T1.2 tumor on days 0, 3, and 6, separately. Tumor tissues were harvested on day 18. Scale bar: 50 μm.



DISCUSSION

Ibuprofen is one type of NSAID that not only possesses anti-inflammatory effect, but also demonstrates great potential in inhibiting proliferation of various types of tumor cells (Dial et al., 2006; Bonelli et al., 2011). Currently, combination of IBU with chemotherapeutic drugs is being evaluated as a new regimen for clinical cancer treatment. However, free drugs are readily eliminated in the blood and they lack tumor targeting. Thus, co-delivery of IBU and a chemotherapeutic drug into tumors using a delivery vehicle is highly needed. Previously, we reported a nanomicellar carrier based on PEG-Fmoc-IBU conjugate for co-delivery of IBU and PTX (Zhao et al., 2016). Although PEG-Fmoc-IBU carrier was effective in loading and delivering PTX into tumors, the efficiency of delivery of IBU itself was relatively low because there was only one IBU unit per polymer molecule. In the present work, we developed a new IBU-conjugated polymeric carrier POVI with increased units of IBU per carrier molecule via a facile RAFT polymerization method. Compared to the previous system, the IBU loading capacity in the new POVI system was increased from 8.2 to 20.9%, indicating that more IBU could be delivered into the tumor tissues when injecting the same amount of carriers.

First, we designed and synthesized a novel IBU-conjugated vinylbenzyl monomer, which was further polymerized to yield the IBU-containing block copolymers. Compared with the post-conjugation method in which a drug was conjugated to the polymerized backbone, our method has an obvious advantage of simplicity. In addition, it avoids the low drug conjugation efficiency caused by the steric hindrance.

The synthesized POVI polymer could serve as a carrier that is effective in loading various types of chemotherapeutic drugs, including DOX, PTX, and DTX. We found that the monomer structure is critical for the loading capacity of the carrier. In the preliminary study, we also synthesized another IBU-based polymer using IBU-conjugated hydroxyethyl methacrylate monomer. However, the polymer obtained performed poorly in encapsulating other chemotherapeutic drugs (data not shown). When we introduced vinylbenzyl group into the polymers, the DLC was significantly improved, suggesting that, in addition to hydrophobic interaction, the π–π stacking effect between carrier and the chemotherapeutic drug may also contribute to the overall DLC. Moreover, the structures of chemotherapeutic drugs also affected the loading capacity. The POVI carrier was more effective in encapsulating DOX compared to other chemotherapeutic drugs, which might be due to the stronger carrier/DOX interaction.

The DOX-loaded micelles showed small size with a diameter of ∼90 nm (Figure 2), which was optimal for a long blood circulation time and passive targeting to solid tumor sites through the enhanced permeability and retention (EPR) effect (Mitra et al., 2001; Meng et al., 2011; Kobayashi et al., 2014). DOX-loaded micelles showed slow and sustained drug release (Figure 5), which could prevent the premature release of encapsulated DOX before entering into tumors. The slow release of DOX from the micelles may be due to the strong interaction (e.g., hydrophobic interaction and π–π stacking effect) between DOX and POVI carrier (Sun et al., 2016a).

In vitro cytotoxicity showed that DOX formulated in the carrier was less effective in inhibiting the proliferation of tumor cells compared to free DOX. The in vitro cytotoxicity comes from the overall outcome of intracellular uptake and drug release. The DOX/POVI micelles showed similar cellular uptake compared to free DOX (Figure 7); the lower in vitro cytotoxicity of DOX/POVI micelles might be attributed to the slow release of DOX from the micelles.

POVI carrier was not effective in inhibiting the proliferation of cultured tumor cells in vitro (Figure 6) at the concentrations that were used for DOX delivery in vitro. This may be due to the slow release of IBU during a short period of culture and its relatively low potency. However, in vivo data showed that the POVI carrier itself showed moderate antitumor activity (Figure 8). In our previous study, PEG-IBU conjugate could also inhibit tumor growth compared with control group (Zhao et al., 2016). So the antitumor activity of POVI carrier in vivo may come from the released IBU mediated by various kinds of enzymes in the tumor tissues over a relatively long period of time. Moreover, DOX-loaded micelles showed a much more pronounced antitumor activity compared with free DOX, which is different from the in vitro cytotoxicity assay. The improved therapeutic efficacy of DOX/POVI micelles is likely attributed to the combination effect of the carrier with co-delivered DOX. The improved delivery of DOX by the POVI carrier may also play a role. More studies are warranted to further investigate the underlying mechanisms.

CONCLUSION

We have developed a new IBU-based prodrug di-block polymer POVI via facile RAFT polymerization. POVI polymer could load various hydrophobic drugs including DOX, PTX, and DTX with high loading capacity. DOX/POVI micelles showed similar cytotoxicity and cellular uptake compared to free DOX. More importantly, DOX/POVI micelles were more effective in inhibiting the tumor growth than free DOX in vivo. Our results suggest that POVI polymer can be employed as a safe and effective dual-functional carrier for co-delivery of other chemotherapeutic drugs.
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RNA interference (RNAi) is a biological process through which gene expression can be inhibited by RNA molecules with high selectivity and specificity, providing a promising tool for tumor treatment. Two types of molecules are often applied to inactivate target gene expression: synthetic double stranded small interfering RNA (siRNA) and plasmid DNA encoding short hairpin RNA (shRNA). Vectors with high transfection efficiency and low toxicity are essential for the delivery of siRNA and shRNA. In this study, TDAPEI, the synthetic derivative of low-molecular-weight polyethylenimine (PEI), was cross-linked with imine bonds by the conjugation of branched PEI (1.8 kDa) and 2,5-thiophenedicarboxaldehyde (TDA). This biodegradable cationic polymer was utilized as the vector for the delivery of plasmid DNA expressing anti-VEGF-shRNA. Compared to PEI (25 kDa), TDAPEI had a better performance since experimental results suggest its higher transfection efficiency as well as lower toxicity both in cell and animal studies. TDAPEI did not stimulate innate immune response, which is a significant factor that should be considered in vector design for gene delivery. All the results suggested that TDAPEI delivering anti-VEGF-shRNA may provide a promising method for tumor treatment.

Keywords: nanoparticles, polyethylenimine, gene vector, anti-VEGF, tumor treatment

INTRODUCTION

Angiogenesis is an essential prerequisite for the growth and spread of tumors since abundant blood supply is needed to get adequate oxygen and other essential nutrients for tumors to grow rapidly (1, 2). Tumors often induce angiogenesis by secreting various growth factors such as vascular endothelial growth factor (VEGF) (3, 4). In many studies, over expression of VEGF has proven to be a critical factor contributing to tumor angiogenesis (5, 6). Hence, the inhibition of VEGF expression has been a therapeutic strategy for tumor treatment.

RNA interference (RNAi) is a biological process through which gene expression can be inhibited by RNA molecules with high selectivity and specificity, providing a promising tool for tumor treatment (7–9). RNAi techniques overcome the disadvantages of chemotherapy (10), a traditional way for tumor treatment, in which normal cells and tumor cells cannot be distinguished effectively and chemotherapy is often with severe side effects (11, 12). Many studies have confirmed that RNAi can specifically silence cancer-related genes to inhibit tumor growth (13–15), angiogenesis (16–18), chemoresistance (19, 20) and metastasis (13, 21, 22).

Two types of molecules are often applied to inactivate the expression of target genes: synthetic double stranded small interfering RNA (siRNA) and plasmid DNA encoding short hairpin RNA (shRNA). For siRNA mediated RNAi, siRNA is delivered into the cytoplasm and then RNA-induced silencing complex (RISC) formed (23). After that, RISC binds to target mRNA by intermolecular expression of base pairing, contributing to cleavage and degradation of target mRNA (24). As for plasmid DNA encoding shRNA, it is transported into the cell nucleus for transcription of pre-shRNA. The formed pre-shRNA will be transported to the cytoplasm by exportin 5, processed by Dicer to form mature shRNA and loaded into RISC to play the role of gene silencing (25).

Efficacy of RNAi tumor treatments is partially dependent on the choice of gene vectors. Viral vectors are commonly employed for laboratory delivery of shRNA due to their high transfection efficiency. However, problems of immunogenicity and toxicity have limited their applications (26–28). In contrast, cationic polymers, a kind of non-viral vector, have no immunogenicity and are easier to be chemically modified for targeted gene delivery. However, the low transfection efficiency remains a problem to be solved for this system. In recent years, polycation vectors have been well studied by many researchers (29–31). Polyethyleneimine (PEI) is a kind of cationic polymer regarded as an effective transfection agent with high buffering effect due to the existence of protonated amine groups in the structure, which can enhance the “proton sponge effect” and accomplish the tasks of gene condensation, cellular uptake, endosome escape and release of therapeutic genes. The transfection efficiency and toxicity of PEI are positively correlated with molecular weight, so high transfection efficiency is accompanied by high toxicity (32, 33). To get a safe and efficient cationic polymer, a biodegradable PEI derivative named TDAPEI was synthesized by conjugating branched PEI 1.8 kDa with 2,5-thiophenedicarboxaldehyde (TDA). The formed imine bond is liable to be degraded in low pH environment theoretically, which could significantly lower the biological toxicity of polymers.

In our study, the cationic polymer TDAPEI was synthesized and characterized by fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance (1H NMR). We then further investigated the characteristics of TDAPEI/pDNA complexes, including condensation ability, particle size, zeta potential and morphology. Transfection efficiency, intracellular uptake, cytotoxicity and innate immune response were tested in vitro. We evaluated the therapeutic effect and in vivo toxicity in tumor bearing mice.

MATERIALS AND METHODS

Materials

Branched PEI (1.8 and 25 kDa), N,N-Dimethylformamide (DMF), agarose and dimethyl sulfoxide were acquired from Sigma-Aldrich (St Louis, MO, USA). 2,5-thiophenedicarboxaldehyde (TDA) was purchased from Meryer (Shanghai) Chemical Technology Co., Ltd. Dialysis bags made by cellulose membrane (MWCO = 10 kDa) were acquired from Thermo Fisher Scientific. A milli-Q instrument (Millipore) was used to purify water. Plasmid DNA expressing mouse-VEGF-shRNA and GFP was constructed by PHY-310 vector (Bioroot Biology, Shanghai, China). The single strain oligonucleotides sequence was 5′- GATCCGATGTGAATGCAGACCAAAGAATTCAAGAGATTCTTTGGTCTGCATTCACATTTTTTTG-3′. Plasmid extraction kits were purchased from Bioteke Corporation. CT26.WT and SMMC7721 cells were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). The complete medium for cells was composed of 90% Roswell Park Memorial Institute (RPMI) 1640 Medium (Media Tech, Herndon, VA, USA), 9% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 1% penicillin-streptomycin solution (Gibco, Grand Island, N.Y.). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies, Inc. BALB/c mice were obtained from Shanghai Slac Laboratory Animal Co., Ltd.

Synthesis and Characterization of TDAPEI

The synthesis of TDAPEI was performed according to the process previously reported in our published paper (34–40). In brief, 1 mmol PEI (1.8 kDa) was added to 30 mL anhydrous DMF and stirred vigorously to be dissolved. 2 mmol TDA was dissolved in 30 mL anhydrous DMF and then dropwisely added to the PEI solution with vigorous stirring at room temperature for 24 h. The solvent was removed by reduced pressure rotary evaporation. The sticky residue was re-dissolved in deionized water. Dialysis bags made by cellulose membrane (MWCO = 10 kDa) were used to remove small fragments for another 48 h. The yellowish spongy product, TDAPEI, was obtained after 48 h of lyophilization. The final product was stored at −20°C for later use. The structure of TDAPEI was confirmed by fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance (1H NMR). The molecular weight of TDAPEI was determined by high performance size exclusion chromatography (SEC). A series of polyethylene glycol (PEG) standards were used for the standard curve and PEI 25k Da for calibration. The Mw and polydispersity index (PDI) were calculated by the software Agilent GPC-Addon. To assess the degradability, TDAPEI was dissolved in FORMIC buffer solutions of different pH values (pH = 7.4, 6.0, 5.0) respectively and incubated at 37°C for 72 h. The samples were collected at certain time points and the average molecule weight was determined by SEC. The three pH values were selected to simulate the environment of blood plasma, endosomes and lysosomes, respectively.

Preparation of TDAPEI/pDNA Polyplexes

TDAPEI was dissolved in ultrapure water and diluted into 2 mg/mL. pDNA was diluted into 20 μg/mL as stock solutions. The TDAPEI/pDNA polyplexes were prepared in various weight/weight (w/w) ratios. The TDAPEI stock solution (2 mg/mL) was diluted into certain concentrations and added to pDNA stock solution (20 μg/mL). The mixture was thoroughly mixed by pipetting for 30 times and then incubated at room temperature for 30 min to obtain self-assembled polyplexes. PEI (25 kDa)/pDNA polyplexes at 2 w/w ratio were prepared with the same method, which is a classical positive control group in many gene delivery studies (34, 38, 41).

Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to evaluate the stability of the TDAPEI/pDNA polyplexes. Polyplexes at various w/w ratios were respectively mixed with 6 × loading buffer containing GelRed (30 mM EDTA, 36% (v/v) Glycerol, 0.05% (w/v) Bromophenol Blue and 0.05%(w/v) Xylene Cyanol FF). Naked pDNA solution stained with GelRed was set as a negative control. Then these different mixtures were loaded into 1% (w/v) agarose gel. Electrophoresis was carried out with 1 × TAE running buffer at 110 V for 45 min. The stripes of DNA were visualized by UV transilluminator (Gel Imaging System, Tanon-3500).

Physicochemical Characterization of TDAPEI/pDNA Polyplexes

The particle size and polydispersity index (PDI) of the TDAPEI/pDNA polyplexes at various w/w ratios were determined by dynamic light scattering (90 Plus Particle Size Analyzer, Brookhaven Instruments Corporation, NY, USA) at room temperature. Zeta potential of polyplexes was measured at room temperature by Zetasizer Nano ZSP (Malvern Instruments, UK). All measurements were repeated for three times. Morphology of TDAPEI/pDNA polyplexes (w/w ratio = 10) was observed with a transmission electron microscope (JEOL JEM-2010 TEM) at an acceleration voltage of 200 kV.

In vitro Cell Transfection

Human hepatocarcinoma cells SMMC7721 and mouse colon adenocarcinoma cells CT 26.WT acquired from Cell Bank of the Chinese Academy of Sciences were used to determine in vitro cell transfection efficiency of TDAPEI/pDNA polyplexes. Cells were cultured in RPMI-1640 complete medium at 37°C in a 5% CO2 moist atmosphere. Cells were digested by trypsin and diluted to 5–10 × 104/mL with RPMI-1640 complete medium. Then the cells were seeded in 48-well plates, with 500 μL dilute solution per well, and cultured for 24 h at 37°C in a 5% CO2 moist atmosphere. The culture medium was removed and the cells were washed with PBS for three times. 250 μL RPMI-1640 medium and 50 μL polyplexes of various w/w ratios (the pDNA mass is 0.5 μg per well) were added into each well and the cells were incubated for 4 h. Meanwhile, naked pDNA was used as negative control and PEI (25 kDa)/pDNA polyplexes at 2 w/w ratio (optimal mass ratio) was prepared as positive control group, which is currently the gold standard for in vitro transfection. The culture medium was replaced by RPMI-1640 complete medium and incubated for another 44 h. Transfection efficiency is directly observed by fluorescence microscope (Olympus, Tokyo, Japan) and quantitatively measured by flow cytometry (BD FACSCalibur).

In vitro Expression of VEGF-A

The in vitro expression of VEGF-A was tested in CT26 cells. The cells were seeded in 48-well plates and incubated for 24 h at 37°C in a 5% CO2 moist atmosphere. Then, the cells were respectively treated with TDAPEI/pDNA polyplexes (w/w = 20), PEI (25 kDa)/pDNA polyplexes (w/w = 2), naked pDNA and PBS for 4 h. The culture medium was replaced by RPMI-1640 complete medium and incubated for another 44 h. The culture supernatant of cells was centrifuged and analyzed by Mouse VEGF-A ELISA kit (DKW12-2734-048) to determine the in vitro expression of VEGF-A.

In vitro Cytotoxicity

The in vitro cytotoxicity assay was conducted in SMMC7721 and CT26 cells by CCK-8 method. The two kinds of cells (1 × 104/well) were respectively seeded in 96-well plates and incubated for 24 h at 37°C in a 5% CO2 moist atmosphere. The culture medium was removed and cells were washed by PBS for three times. 50 μL RPMI-1640 medium and 10 μL PBS (negative control), PEI (25 kDa)/pDNA polyplexes (positive control), and TDAPEI/pDNA complexes at various w/w ratios were respectively added into each well and the cells were incubated for 4 h. Then, 10 μL CCK-8 was added into each well. The plate was incubated in 37°C, 5% CO2 incubator for 2 h. Auto Microplate Reader (Spectra Max M3 Multi- Mode) was used to read the absorption value under the wavelength of 450 and 630 nm. The percentage of cell viability was calculated as follow.
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Innate Immune Response Test

The innate immune response caused by TDAPEI/pDNA polyplexes was tested in murine macrophage RAW264.7 cells. The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS and seeded on 6-well plates. When the cell density reached about 85%, the culture medium was replaced by fresh DMEM and cells were respectively treated with TDAPEI/pDNA polyplexes (w/w = 20), PEI (25 kDa)/pDNA polyplexes (w/w = 2) and naked pDNA for 4 h. Then, the polyplexes and pDNA were removed and the cells were incubated in DMEM with 10% FBS for another 24 h. The culture supernatant of cells was centrifuged and analyzed by Mouse IL-6 ELISA kit (DKW12-2060-096) and Mouse TNF-α ELISA kit (DKW12-2720-096).

In vivo Treatment in Tumor Model Mice

To assess the tumor treatment efficacy of TDAPEI/pDNA polyplexes, CT26 tumor model mice were established. The 5-week old female BALB/c mice, weighed 20 ± 2 g, were housed in Specific Pathogen Free (SPF) environment for 1 week before the animal study.

To establish in vivo tumor models, 0.1 ml CT26 cell suspension (5 × 106/ml) was subcutaneously injected to the mice at the right armpit. The mice were kept in SPF environment until the tumor volume reached about 200 mm3. Then, the mice were divided into 4 groups randomly (6 mice in each group): blank group (saline), negative control group (naked pDNA), positive control group (PEI (25 kDa)/pDNA polyplexes) and experimental group (TDAPEI/pDNA polyplexes). The mice were treated by intra-tumor injection of 0.1 mL saline or therapeutic solutions containing 10 μg pDNA. The injection was given every 3 days. The shortest diameters (width, W) and longest diameters (length, L) of tumors were measured by vernier caliper to calculate the tumor volume. The formula is: V = W2 × L/2. At the 14th day after the first injection, the mice were sacrificed and the tumors were separated and analyzed.

Microvessel Quantification

To assess the anti-angiogenesis effect of the polyplexes, microvessel quantity was measured by CD31 immuno-histochemical staining. At the 14th day after the first injection, the separated tumors were fixed in 4% paraformaldehyde for 24 h and made into paraffin-embedded samples and then sectioned. The sections were stained with anti-CD31 antibody to mark microvessels. The sections were photographed by optical microscope and the images were analyzed by Image-Pro Plus software to get the number of positively stained microvessels.

In vivo Expression of VEGF-A

To identify the silence efficiency of polyplex in tumor tissue, we measured the concentration of expressed VEGF-A protein in tumor tissue homogenate at the 14th day after the first injection by using Mouse VEGF-A ELISA Kit (DKW12-2734-048).

In vivo Toxicity

Histological examination was adopted to demonstrate the toxicity of polyplexes to main organs. The organs were removed at the 14th day after the first injection and fixed in 4% paraformaldehyde. Hematoxylin and eosin (H&E) was used to stain organ sections and the slides were observed by optical microscope to observe the lesion.

Ethics Statement

All the experiments followed the Regulations for the Administration of Affairs Concerning Experimental Animals (China, 2014) and the National Institutes of Health Guide for Care and Use of Laboratory Animals (GB14925-2010). The Committee for Laboratory Animal Ethics of Shanghai Jiao Tong University approved the experiments.

Statistical Analysis

The data were presented as mean ± standard deviation of replicates. Analysis of variance (ANOVA) and independent samples t-test was performed and a value for *P < 0.05, **P < 0.01, and ***P < 0.001 was considered statistically significant.

RESULTS AND DISCUSSION

Synthesis and Characterization of TDAPEI

Results of FTIR and 1H NMR of TDAPEI were shown in Figure 1. TDAPEI is formed by polymerization of branched PEI (1.8 kDa) and TDA through imine bonds (Figure 1A). Characteristic IR adsorption peak of imine bonds is at 1690-1590 cm−1 and a moderate adsorption peak at 1629.62 cm−1 was shown in the spectrum, which indicated that imine bonds were formed and the original aldehyde group (characteristic IR adsorption peak 1755-1665 cm−1) disappeared (Figure 1B). The 1H NMR spectrum of TDAPEI in D2O was consistent with our expectation. Signal at δ = 7.96-8.41 ppm indicated the presence of methyne protons close to imino groups, while signal at δ = 10 ppm disappeared, which indicated that aldehyde group in TDA completely reacted with amino and formed imine bonds. The FTIR spectrum and 1H NMR spectrum of TDAPEI were in consistent and confirmed the successful synthesis of TDAPEI.
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FIGURE 1. Synthesis and characterization of TDAPEI. (A) Chemical structure and polymerization reaction of TDAPEI. (B) FTIR spectrum of TDAPEI. (C) 1HNMR spectrum of TDAPEI.



The GPC spectrum of TDAPEI was shown in Figure 2A. Mw of polymer TDAPEI was calculated to be 23.2k Da, and the PDI was 1.65. As shown in Figure 2B, TDAPEI degraded at different rates in the three solutions with different pH values (pH = 7.4, 6.0, 5.0). The degradation rate was relatively high in an acidic environment and the polymer remained stable in a neutral environment.
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FIGURE 2. (A) GPC spectrum of TDAPEI. (B) pH-responsive degradation of TDAPEI. TDAPEI was dissolved in FORMIC buffer solutions of different pH values (pH = 7.4, 6.0, 5.0) respectively and incubated at 37°C, followed by SEC tests. The molecular weights of the degraded polymers were determined as the weights measured by SEC test relative to the original molecular weight of TDAPEI (100%).



Agarose Gel Electrophoresis

Good binding and condensation ability is a prerequisite for a gene carrier to protect gene from degradation. To determine the ability of binding and condensing pDNA of TDAPEI and the stability of TDAPEI/pDNA polyplexes, agarose gel electrophoresis test was performed. TDAPEI/pDNA polyplexes at w/w ratios of 0.05, 0.1, 0.3, 0.5, 1, 3, 5, and 10 were chosen. As shown in Figure 3, with the increase of w/w ratio, the stripes of pDNA started to disappear at 0.3 w/w ratio, which indicated that the migration of pDNA in electric field was retarded in this case and pDNA was completely bound and wrapped by TDAPEI. A conclusion could be made that the polymer TDAPEI had a strong ability to condense pDNA into tight polyplexes to protect pDNA from nuclease.
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FIGURE 3. TDAPEI/pDNA agarose gel electrophoresis. 100-5000bp marker was loaded in the first lane and naked DNA was in the second lane. The polyplexes were at 0.05, 0.1, 0.3, 0.5, 1, 3, 5, and 10 w/w ratios.



Physicochemical Characterization of TDAPEI/pDNA Polyplexes

The DNA binding and condensing ability are closely related to the particle size and zeta potential of polyplexes, which also has significant impacts on cell endocytosis and gene transfection. The ideal particle size for cell endocytosis is about 20–200 nm. In our study, particle size of TDAPEI/pDNA complexes at various w/w ratios ranging from 0.5 to 50 were measured by 90 Plus Particle Size Analyzer. As is shown in Figure 4A, the particle size was 246.5 ± 6.7 nm at 0.5 w/w ratio. When the mass ratio increased to 10, the particle size of polyplexes decreased and reached a stable value around 130 nm, implying the tight pDNA condensation at this ratio. Theoretically, increased number of protons captured by the polymer enhanced the DNA binding and condensing ability of polymers. The DNA condensing ability was positively related to the surface charge density, so the particle size increased. On the other hand, higher concentration of TDAPEI caused a larger occupation in volume, which also contributed to the larger particle size. Particle sizes ranged from 110.5 to 183.4 nm and PDI were all lower than 0.3 (w/w ratio 1~50), which indicated the polyplexes had a narrow dispersity and kept stable in this environment.
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FIGURE 4. Characterization of TDAPEI/pDNA complexes. Particle size (A) and Zeta potential (B) of TDAPEI/pDNA polyplexes at 0.5,1,2,3,4,5,10, 20, 30, 40, and 50 w/w ratios in water. (C) TEM images of polyplexes at w/w ratio of 10.



The zeta potential of polyplexes has an important effect on gene transfection efficiency and cytotoxicity. The surface of cell membrane is negatively charged, so it is difficult for naked DNA to cross cell membrane barrier. Particles with positive charge can cross cell membrane barrier but high cationic charge density may lead to the disruption of the cell membrane, which is responsible for the high cytotoxicity. As shown in Figure 4B, the zeta potential of polyplexes at different w/w ratios ranged from 23.2 to 36.1 mV and stabilized around 27 mV. The changing trend of zeta potential was in accordance with particle size and can be explained with similar reason. At low w/w ratios, more polymer brought higher positive charge density, resulting in the increase of zeta potential. Then the pH value rose, which in turn contributed to the decrease of positive charge. The result indicated that the disperse system was stable and implied the possibility for gene transfection.

The morphology of polyplexes at 10 w/w ratio observed by transmission electron microscopy is shown in Figure 4C. The polyplexes had uniform size and a spherical shape, which was in accordance with the results tested by Particle Size Analyzer.

In vitro Cell Transfection

GFP expression vector was constructed in our plasmid DNA. Cells successfully transfected by polyplexes could express GFP protein and thus emit fluorescence at wavelength of 488 nm. Transfection efficiency is directly observed by fluorescence microscope in SMMC7721 cells (Figure 5A) and quantitatively measured by flow cytometry in CT26 cells (Figure 5B). There is almost no fluorescence in the naked DNA group, which means naked DNA could not get into cells due to its instability and negative charge. Hence, positive charge of the polymer played an important role in entering the cells. At high w/w ratios, the transfection efficiency of TDAPEI/pDNA poplyplexes was comparable to or even higher than PEI (25 kDa)/pDNA polyplexes and no significant change in morphology of cells was observed in TDAPEI/pDNA poplyplexes treated groups. We believe the high transfection efficiency of these groups was owing to the better ability in releasing pDNA during the endosomal escape, as has been discussed in the previous study. Ur, et al. (42) High-molecular-weight PEI has a high density of positive charge, which is advantageous in crossing cell membrane barrier. However, after rupturing the endosomes through “proton sponge effect,” it is more difficult for high-molecular-weight PEI to unbind pDNA than that with low molecular weight, such as PEI (1.8 kDa) used in our polymer design. Before entering the cells, TDAPEI was of high molecular weight, thus it provided comparable positive charge density to that of PEI (25 kDa). The advantage of our constructed polycation TDAPEI is that it could be degraded in low acidic medium. The imine linkages broken down and the polymer was metabolized into PEI (1.8 kDa) fragments. After that, the binding ability greatly weakened and it was easier for the polyplex to release pDNA, which led to higher transfection efficiency.
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FIGURE 5. (A) GFP expression in SMMC7721 cells transfected with naked pDNA, PEI 25k Da/pDNA (w/w ratio = 2), TDAPEI/pDNA complexes at w/w ratios of 1,5,10, 20, 30, 40, and 50. (B) Transfection efficiency in CT26 cells quantified by GFP-expressing cells using the flow cytometer.



In vitro Expression of VEGF-A

The expression level of VEGF-A in CT26 cells was determined by ELISA. As shown in Figure 6, compared with PBS group and naked DNA group, the expression level of VEGF-A was significantly lower in TDAPEI/pDNA poplyplexes and PEI (25 kDa)/pDNA poplyplexes treated groups (***p < 0.001, **p < 0.01). TDAPEI/pDNA poplyplexes had equally excellent silence efficiency compared with PEI (25 kDa)/pDNA poplyplexes.
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FIGURE 6. In vitro expression of VEGF-A in CT26 cells treated with TDAPEI/pDNA polyplexes (w/w = 20), PEI (25 kDa)/pDNA polyplexes (w/w = 2), naked pDNA and PBS. Data were displayed as mean ± SD. (n = 6). **P < 0.01.



In vitro Cytotoxicity

In vitro cytotoxicity of TDAPEI/pDNA complexes in SMMC7721 and CT26 cells were evaluated by CCK-8 assay. As is shown in Figure 7, the cell viability of TDAPEI/pDNA complexes in SMMC7721 cells was in the range from 107.98 to 60.47% at w/w ratios of 5, 10, 20, 30, 40, and 50, while that of PEI (25 kDa)/pDNA poplyplexes was from 78.62 to 8.98%. In CT26 cells, the cell viability of TDAPEI/pDNA and PEI (25 kDa)/pDNA polyplexes was from 85.93 to 73.85% and from 87.33 to 10.24%, respectively. In both cells, the cell viability of TDAPEI /pDNA is relatively stable while an apparent decline occurred in PEI (25 kDa)/pDNA poplyplexes group. There was a significant difference in cytotoxicity between TDAPEI/pDNA poplyplexes and PEI (25 kDa)/pDNA poplyplexes groups, especially at high w/w ratios (***p < 0.001). The lower cytotoxicity of TDAPEI /pDNA could be explained by its biodegradable quality. Based on the results of in vitro cell transfection and cytotoxicity, we chose TDAPEI/pDNA poplyplexes at w/w ratio of 20 in the following animal study.
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FIGURE 7. Viability of SMMC (A) and CT26 cells (B) transfected by TDAPEI/pDNA complexes and PEI 25kDa/pDNA complexes at w/w ratios of 5, 10, 20, 30, 40, and 50. Data were displayed as mean ± SD. (n = 6). **P < 0.01, ***P < 0.001.



Innate Immune Response Test

Innate immune response can stimulate the secretion of IL-6 and TNF-α. The level of innate immune response activated by our treatment was evaluated by the concentration of IL-6 and TNF-α in murine macrophage RAW264.7 cells. As is shown in Figure 8, for TDAPEI/pDNA poplyplexes group, the concentrations of IL-6 and TNF-α secreted in the culture supernatant of cells were similar to that in naked DNA group, while the concentrations in PEI 25 kDa group were significantly higher than that in naked DNA group (IL-6: **P < 0.01; TNF-α: *P < 0.05). The result indicated that TDAPEI/pDNA polyplexes (w/w = 20) had a low innate immune response. However, considering the significant heterogeneity of RAW264.7 cells used in this study, further in vivo experiments are needed to confirm this preliminary conclusion. We will testify this in future in vivo studies.
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FIGURE 8. The concentration of IL-6 (A) and TNF-α (B) secreted in the culture supernatant of murine macrophage RAW264.7 cells. Data were displayed as mean ± SD. (n = 6). *P < 0.05, **P < 0.01.



In vivo Anti-tumor Treatment

Plasmid DNA expressing mouse-VEGF-shRNA was used as the antiangiogenic agent in our anti-tumor study. TDAPEI/pDNA poplyplexes at 20 w/w ratio, PEI (25 kDa)/pDNA poplyplexes, naked pDNA and saline were intratumorally injected in four groups of tumor-bearing BALB/c mice. Figure 9A showed the tumor growth curves during the 14-day treatment period. In saline and naked DNA groups, the tumor grew rapidly and no statistical significance in final tumor volume was observed between these two groups (p > 0.05), which indicated that naked pDNA had hardly any therapeutic effect on tumor. In TDAPEI/pDNA poplyplexes and PEI (25 kDa)/pDNA poplyplexes treated groups, the growth rates of tumors were similarly low. There existed significant differences for these two groups in final tumor volume compared to that in saline group (TDAPEI: ***p < 0.001; PEI 25 kDa: **p < 0.01). Besides, when evaluating the anti-tumor effect of polyplexes in vivo, the cytotoxicity of gene vector of polyplexes should be considered as well, which may be a potentially additional contributor to the anti-VEGF therapy. In this case, the more toxic the gene vectors are, the more anti-tumor effects of polyplexes are observed. It is possible that the cytotoxicity of PEI (25 kDa) in this study may finally contribute to the tumor treatment. The final tumor volumes of the four groups were listed as follows: 1,805 ± 171.7 mm3 in saline group; 1,247 ± 254.3 mm3 in naked pDNA group; 775.7 ± 185.6 mm3 in TDAPEI/pDNA poplyplexes group and 657.6 ± 151.9 mm3 in PEI (25 kDa)/pDNA poplyplexes group.
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FIGURE 9. (A) Tumor growth curves in CT26 tumor bearing mice treated by saline, naked DNA, PEI 25kDa and TDAPEI/pDNA. Data are displayed as mean ± SD, n = 6. **P < 0.01. (B) Tumor section images of immunohistochemical staining for CD31 in saline, naked DNA, PEI 25kDa and TDAPEI groups. (C) Microvessel density in CT26 tumor bearing mice treated by saline, naked DNA, PEI 25kDa and TDAPEI/pDNA at Day 14. Data are displayed as mean ± SD, n = 6. **P < 0.01. (D) in vivo concentration of expressed VEGF-A protein in tumor tissue homogenate at Day 14. Data are displayed as mean ± SD, n = 6. **P < 0.01.



To quantitatively evaluate the antiangiogenic effect, tumors were taken out at the last day of treatment period and CD31 immuno-histochemical staining was conducted to determine the number of endothelial cells. The figures of slices were analyzed by Image-Pro Plus. As shown in Figures 9B,C, the microvessel densities in groups of saline, naked pDNA, TDAPEI/pDNA poplyplexes and PEI (25 kDa)/pDNA poplyplexes were: 414.5 ± 40.20/mm3, 448.5 ± 31.08/mm3, 253.8 ± 11.63/mm3, 219.5 ± 18.11/mm3. The quantity of microvessels in PEI (25 kDa) and TDAPEI group was significantly lower than that in saline group (**p < 0.01). There was no significant difference between PEI (25 kDa) and TDAPEI groups.

To assess the in vivo silence efficiency of the poplyplexes, the concentration of expressed VEGF-A protein in tumor tissue homogenate at the 14th day after the first injection was measured by ELISA. As shown in Figure 9D, the expression level of VEGF-A was significantly lower in TDAPEI and PEI (25 kDa groups (**p < 0.01) and there was no significant difference between PEI (25 kDa) and TDAPEI groups.

The results indicated that both in TDAPEI and PEI (25 kDa) groups, tumor cells were successfully transfected and VEGF shRNA was transcribed (Figures 6, 9). Then siRNA was produced by Dicer, which inhibited VEGF expression and played the important role of anti-angiogenesis (34). The growth rate of the tumor decreased due to the lack of oxygen and nutrition (34). The in vivo transfection efficiency of TDAPEI group was similar to that in PEI (25 kDa) group.

Histological examination was adopted to demonstrate the toxicity of the polyplexes to organs in vivo. As is shown in Figure 10, almost no obvious lesion was observed in TDAPEI group compared to that in saline group, while in PEI (25 kDa) group, inflammation possibly occurred in the organs (34). A primary conclusion could be drawn that TDAPEI had negligible toxicity to the main organs.


[image: image]

FIGURE 10. In vivo toxicity to main organs in saline, TDAPEI and PEI 25kDa groups measured by frozen section at Day 14. The organ sections were stained with hematoxylin and eosin (H&E).



CONCLUSION

In general, the biodegradable polycation TDAPEI showed great potential as a non-viral gene vector for tumor treatment. TDAPEI had strong ability to condense pDNA into tight polyplexes to protect pDNA from nuclease. Particle sizes ranged from 110.5 to 183.4 nm and the zeta potential stabilized at about 27 mV, which was suitable for endocytosis. Compared to PEI (25 kDa), TDAPEI had a better performance both in cell and animal studies since the experimental results suggest its high transfection efficiency as well as significantly low toxicity. We believe it is owing to our design strategy that TDAPEI is biodegradable in low acidic medium and could be metabolized into low-molecular-weight PEI fragments, which was of low toxicity and could be eliminated by cells. All results in this article suggested that TDAPEI delivering plasmid DNA encoding anti-VEGF-shRNA may provide a promising method for tumor treatment.
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Much information is accumulating on the effect of cerium oxide nanoparticles (CNPs) as cell-protective agents, reducing oxidative stress through their unique ability of scavenging noxious reactive oxygen species via an energy-free, auto-regenerative redox cycle, where superoxides and peroxides are sequentially reduced exploiting the double valence (Ce3+/Ce4+) on nanoparticle surface. In vitro and in vivo studies consistently report that CNPs are responsible for attenuating and preventing almost any oxidative damage and pathology. Particularly, CNPs were found to exert strong anticancer activities, helping correcting the aberrant homeostasis of cancer microenvironment, normalizing stroma-epithelial communication, contrasting angiogenesis, and strengthening the immune response, leading to reduction of tumor mass in vivo. Since these homeostatic alterations are of an oxidative nature, their relief is generally attributed to CNPs redox activity. Other studies however reported that CNPs exert selective cytotoxic activity against cancer cells and sensitize cancer cells to chemotherapy- and radiotherapy-induced apoptosis: such effects are hardly the result of antioxidant activity, suggesting that CNPs exert such important anticancer effects through additional, non-redox mechanisms. Indeed, using Sm-doped CNPs devoid of redox activity, we could recently demonstrate that the radio-sensitizing effect of CNPs on human keratinocytes is independent from the redox switch. Mechanisms involving particle dissolution with release of toxic Ce4+ atoms, or differential inhibition of the catalase vs. SOD-mimetic activity with accumulation of H2O2 have been proposed, explaining such intriguing findings only partially. Much effort is urgently required to address the unconventional mechanisms of the non-redox bioactivity of CNPs, which may provide unexpected medicinal tools against cancer.

Keywords: cerium oxide nanoparticles, redox-independent, cancer treatment, cancer prevention, antioxidant, radio-protection, radio-sensitization, tumor microenvironment

INTRODUCTION

Materials acquire peculiar activities at the nanoscale (1–100 nm), due to their increased reactive surface/bulk ratio with respect to larger structures: for example, gold, essentially inert in the bulk, becomes highly reactive in the form of nanoparticles, displaying catalytic activity (1). Industrial exploitation of nanomaterials allows unprecedented applications in almost every field, including important biomedical applications. In addition to the well-recognized use of tailored nanostructures for drug delivery (2), nanomedicine can indeed exploit intrinsically bioactive nanoparticles as effective medicinal tools where, rather than being an inert platform, the material itself acts as the therapeutic agent (3, 4). In particular, in clinical cancer research, bioactive materials are emerging as a possible tool to overcome the intrinsic limitations of conventional anticancer therapies.

Cerium oxide nanoparticles (CNPs) are receiving much attention for their unusual antioxidant properties, promising to act as potent antioxidant and anticancer drugs. Cerium is a rare earth element belonging to the lanthanide series, possessing a stable cerium (IV) oxidation state that coexists with cerium (III). In the nanoparticle form, cerium oxide atoms form a cubic crystalline fluorite lattice structure where Ce3+, and the compensating oxygen vacancies, localize at the nanoparticle surface (5). The double valence generates a redox couple responsible for a robust catalytic activity, widely exploited in industrial applications, including catalysis (6), UV screens (7), gas sensors (8), solar, and fuel cells (9, 10).

The medicinal appeal of CNPs is mainly due to their unprecedented auto-regenerative antioxidant activity, which can scavenge noxious reactive oxygen/nitrogen species (ROS/RNS) generated by exogenous or endogenous sources (11) by combining (i), a superoxide dismutase (SOD) mimetic activity, responsible for reducing superoxide or peroxynitrite to peroxide and nitrate (respectively) undergoing oxidation from Ce3+ to Ce4+ (12, 13), with (ii), a catalase mimetic activity, where Ce4+ is reduced back to Ce3+ by oxidizing hydrogen peroxide to molecular oxygen and water (14). Thus, CNPs undergo a complete, energy-free redox cycle, eliminating the most toxic ROS while regenerating the original redox status (15).

Here, we will review literature data reporting the cancer preventive and therapeutic potentials of CNPs. Intriguingly, they do not deal exclusively with antioxidant actions: non-redox activity of CNPs are indeed emerging, with mechanisms that still need to be understood, and that may provide CNPs with the potential to act as unconventional anticancer agents via multiple, unrelated mechanisms.

CANCER PREVENTING ACTIVITY OF CNPS

Cancer origin is mainly attributed to accumulation of mutation events, due to environmental mutagens including pollution and radiation, and endogenous disequilibria such as chronic inflammation. A main mediator of both is oxidative stress, thereby antioxidants, such as e.g., dietary vitamins, are precious sources of cancer preventing agents.

ROS-promoted damage is a major cause of cell and genetic alterations, and the basis of almost any pathology, including cancer (16); accordingly, much effort has been posed to identify antioxidant agents able to protect against oxidative stress and the related pathologies. However, no satisfactory antioxidant has been identified so far: the canonical molecular antioxidant proved being short-lasting and indiscriminate, eliminating also ROS acting as signaling molecules in many cellular pathways, thereby endangering the correct redox homeostasis and cell functioning.

In this scenario, CNPs act as long-lasting regulators of redox metabolism rather than simple scavengers, efficiently eliminating ROS only when required, thus preserving basal cell activities, proposing them as bio-compatible antioxidant tools (17).

In particular, CNPs were shown to exert a potent antioxidant action, preventing oxidative stress, cell damage and death by apoptosis (3, 15, 18). CNPs also affect the cellular consequences of oxidative imbalance, modulating the activity of redox-responding proteins, for example, inactivating the transcription factor NFκB (19) and the downstream signaling cascade, which are implicated in cancer genesis and progression. Thus, by scavenging ROS, CNPs may modulate many cellular signal transduction processes regulating stress response, cellular metabolism, proliferation and cell cycle checkpoints (20), and control homeostatic pathways, including those involved in cancer and other oxidative-related pathologies (21–26).

Intriguingly, other CNPs-dependent effects are reported, hardly compatible with antioxidant action. For instance, (27) reported in gastrointestinal epithelial cells the upregulation of SOD2 gene expression while exerting a ROS scavenging action, which is a paradoxical effect since antioxidant enzymes are generally downregulated by the presence of antioxidant agents. Again, (28) showed that CNPs can hydrolyze phosphate ester bonds in abiotic systems, potentially interacting with ATP and phosphorylated proteins also inside cells. Other effects involve particle dissolution in acidic environment with release of bioactive Ce4+ ions (29), or to differential sensitivity of the SOD- vs- catalase-mimetic activity to low pH (30), mainly dealing with induced toxicity, which can be exploited against cancer cells, as we will discuss later.

Radiotherapy and all diagnostic procedures involving X-rays pose serious risks for exposed individuals, causing direct and ROS-mediated toxicity; therefore, radio-protective agents, including antioxidants, ameliorate radiation-induced acute and delayed damage (4, 31). Preventing radiotherapy-induced death of healthy (i.e., non-cancer) cells is an important task; however, to avoid a paradoxical pro-mutagenic effect, efficient radio-protectors should not merely inhibit apoptosis, but also reduce genetic radiation damage. Importantly, CNPs strongly reduce UV-induced apoptosis and at the same time, they decrease DNA damage, accelerate repair, and abate mutagenesis (18), thus promising to be efficient and safe UV-protectors.

The antioxidant properties of CNPs have attracted attention as possible effective countermeasure against ionizing radiations. CNPs ability to protect tissues from radiation-induced damage was reported in many systems, for instance gastrointestinal epithelium, where CNPs act as direct ROS scavengers (27) or breast epithelial cells, where CNPs rescue almost 99% of normal irradiated cells: interestingly, no protection was provided to tumor cells (32). The reason for this very important selectivity was not investigated; conceivably, it may be linked to the differential toxicity toward cancer vs. normal cells, discussed below.

CNPS AS ANTICANCER THERAPEUTIC AGENTS

Relief of Tumor Microenvironment Malignant Features

Tissues are composed not only of epithelial (i.e., tissue specific) cells, but also of “accessory” components such as blood vessel (endothelial cells), stroma fibroblasts, extracellular matrix, and a range of active biomolecules produced by all cell types, creating a complex signal network responsible for tissue functioning and homeostasis. Cancer genesis and progression is caused by homeostatic errors occurring within the tumor microenvironment (33), related or not with genetic mutations, dealing with all components of the cancer tissue (34), and implying many alterations, including increased oxidative status. ROS play a major role in promoting the aberrant cancer homeostasis, favoring vicious communications between cancer cells and stroma, endothelium, and matrix, thus favoring tumor neo-angiogenesis, matrix degradation, and improper immune infiltrations (35). Hence, antioxidant therapy is considered as a mean to prevent and revert the alteration of tumor microenvironment: CNPs have raised much attention in this regard.

As a matter of fact, CNPs administration at the tumor site helps correcting cancer microenvironment homeostasis in animal models (36), effect attributed to restoration of a proper redox asset. In fact, CNPs act more efficiently than canonical antioxidants: for example, SOD (or catalase, or the combination of the two), whose activity is mimicked by CNPs, is not as effective, protecting in the initial steps of carcinogenesis but promoting progression in advanced stages (37, 38). This suggests that either CNPs antioxidant action is “better” than the enzymatic one, or that they may exert additional, non-redox effects. For instance, (39) showed that CNPs inhibited the migration and proliferation of gastric cancer cells by transactivating the box helicase 15 (DHX15) and its downstream MAPK signal pathway without affecting ROS levels. Therefore, when the role of CNPs in tumor microenvironment are mechanistically investigated, non-redox effects begin to emerge.

Stroma changes occurring during tumorigenesis include the trans-differentiation of fibroblasts into myofibroblasts, modulated by cytokines such as tumor transforming factor beta 1 (TGFβ1) released by tumor cells, implying an oxidative cascade (34). CNPs efficiently inhibit myofibroblast formation and localization at the tumor front, preventing promotion of tumor growth, and invasion (40); the effects were attributed to CNPs redox switch. However, also in this case, CNPs were shown to contrast myofibroblast formation without altering ROS level (41).

Promotion of endothelial cell proliferation, generating new blood vessels for feeding and sustaining tumor growth and invasion (35), occurs through redox-sensitive angiogenic growth factors, including vascular endothelial growth factors (VEGF), fibroblast growth factor (FGF), and their receptors (42). CNPs were shown to efficiently contrast angiogenesis in ovarian carcinoma mouse model (43), attenuating VEGF-mediated proliferation of human umbilical vein endothelial cells, and inhibiting VEGF-induced matrix metalloproteinase 2 activity, clearly inhibiting VEGF mediated downstream signaling.

These effects on tumor microenvironment seem not only circumstantial, rather possibly leading to the real control of tumor growth: indeed, many studies report that administration of CNPs in tumor-bearing mice causes tumor reduction (27, 36), which is a logical consequence of restoration of a more correct microenvironment.

Direct and Selective Killing of Cancer Cells

In light of CNPs antioxidant activity, usually resulting in protective effects against oxidant-promoted apoptosis (15, 18, 44), it is difficult to consider CNPs as cytotoxic agents able to kill cancer cells, as often proposed. Nevertheless, in some instances CNPs do act as pro-oxidant and pro-apoptotic agents. For instance, (36) reported that CNPs induced apoptosis on melanoma, but not on stroma cells; this is related to selective ROS production, leading to mitochondria dysfunction (45). The finding that CNPs exerted similar pro-apoptotic effects on other cancer cells (46), led to hypothesize a differential effect on normal vs. cancer cells, which was attributed to the increased acidification of cancer microenvironment, which would turn CNPs into toxic agents. It is known that at pH ≤ 4 the catalase, but not the SOD-mimetic activity of CNPs is inhibited (30), with consequent accumulation of H2O2, more toxic than superoxides: in these conditions, CNPs would act as pro-oxidants. Moreover, CNPs release toxic Ce4+ ions due to nanoparticle acidic dissolution at pH ≤ 4. Attributing CNPs anticancer effect to strong pH decrease is however nonsense: the tumor microenvironment is indeed more acidic than normal tissues due to the Warburg effect (47, 48), but only of a few decimals, and cannot reach pH 4: this would lead to immediate cell and tissue collapse. However, pH 4 is reached within lysosomes, intracellular organelles that increase in volume and activity in cancer cells (49). This may favor CNPs lysosomal localization (50), implying that CNPs dissolution and/or H2O2 accumulation may occur to a greater extent in cancer than in normal cells. However, (51) did not find any correlation between CNPs lysosomal localization and intracellular ROS modulation in human ovarian and colon cancer cells.

A literature survey reveals so many exceptions to the pseudo-rule of CNP-selective killing of cancer cells, with examples of cancer cells protection against induced apoptosis [e.g., (15, 52, 53)], and of normal cells killing [e.g., (54)], to question the universality of the selective cytotoxicity. Rather, the pro- or anti-apoptotic effect of CNPs may depend on individual cell sensitivities, independently of being normal or cancerous, possibly consisting of different lysosomal trafficking, favoring or not Ce4+ release or H2O2 accumulation. The cancer cell selective killing may be then an epiphenomenon, suggesting that CNPs anticancer effects rather rely on microenvironment control.

Radio-Sensitization

Beside surgery, radiotherapy with ionizing radiation remains the standard care for many advanced carcinomas, either alone or in combination with other therapies; the rationale is promoting cell killing by apoptosis via direct radiation damage (i.e., promotion of double-strand DNA breaks) or through radiation-induced ROS (single-strand DNA breaks and protein and lipid peroxidation). Unfortunately, many tumor cells become radio-resistant as part of tumor progression, therefore it is necessary to use adjuvant treatments favoring radiation-induced cell death (55, 56). CNPs are potential radio-sensitizing agents acting through different strategies.

One strategy consists in enhancing radiation toxic effect at the tumor site: nanoparticles made of high atomic number materials, including CNPs, when irradiated with specific energy beams, emit ROS or heat, causing a “dose-enhancement effect” (4, 57, 58) leading to extra toxicity on cells present in the treated area. An additional effect was proposed for CNPs, where X-rays induce a pH-mediated dissolution in aqueous media, resulting in the release of the toxic Ce4+ ions (29).

Wason et al. (59) proposed a CNPs-dependent selective, acidic-mediated increase of radio-toxicity against cancer cells; however, it remains hard to hypothesize that pH levels ≤4 may be reached even in irradiated contexts.

CNPs-induced sensitization includes other cytotoxic treatments, e.g., they enhance toxicity of doxorubicin, a DNA-damaging chemotherapeutic drug, on melanoma cells via ROS production (60).

We have recently described a radio-sensitization effect of CNPs, showing that they increase X-ray-induced apoptosis on HaCat keratinocytes, without affecting untreated cells (Caputo et al., submitted)1. However, this is not due to H2O2 accumulation: on the contrary, CNPs restore catalase activity destroyed by X-rays, preventing radiation-promoted ROS and DNA damage. Searching for a mechanism, we observed that CNPs, in spite of reducing DNA breaks, improved the efficiency of the cell perception of/reaction to, DNA damage, increasing the apoptotic outcome via damage-unrelated mechanisms. In fact, CNPs restored DNA integrity checkpoints, generally lost in cancer cells, thereby almost abolishing X-ray-induced mutagenesis, by acting on the intimate pathways controlling survival of injured cancer cells. Intriguingly, this radio-sensitization is independent from CNPs redox switch because it was unaffected by Sm-doping, a strategy preventing the Ce3+/Ce4+ switch and the correlated antioxidant action providing stable 3+ valence (15, 18) (Figure 1).


[image: image]

FIGURE 1. Proposed model of action of CNPs as redox-independent radio-sensitizing agents in HaCat keratinocytes cells. CNPs administration may promote in a redox-independent fashion the strengthening of cell DNA damage response (DDR) after exposure to radiations, diminishing X-ray-induced DNA lesions on one side, and increasing the stringency of cell cycle checkpoints and forcing damaged cells to undergo apoptosis on the other, thus preventing radiation-induced mutagenesis.



Overall, the abiotic dose-enhancement effect and the biological regulatory role of restoring cell integrity checkpoints seem very promising strategies to exploit CNPs as radio-sensitizing devices.

CONCLUSIONS

The survey we have presented here shows that combining CNPs with radiation or conventional chemotherapeutics may represent a novel anticancer strategy, helping re-modulating cancer microenvironment, killing tumor cells while sparing normal ones, thus improving the therapeutic outcome. So far, such appealing potentialities are limited to research aspects: is it conceivable that CNPs may turn into real therapeutic tools?

CNPs toxicity issues were abundantly investigated (3); overall, CNPs are considered biocompatible agents, rapidly cleared from organs (61) with very little toxicity (62, 63); in fact, CNPs play a substantial role as protectors against induced damage (64). However, the implications of nanoparticle-organism interactions in therapeutic perspectives are still a highly debated issue, generally considered a hazard, even though, pharmacologically, cell internalization of bioactive nanoparticles may provide an extra bonus, allowing persistence of the therapeutic effect for long time after the initial administration (65), avoiding the necessity of chronic treatments as required for molecular drugs, exerting only transient effects. Nevertheless, it is hard to foresee a rapid approval of CNPs clinical usage, apart perhaps for topic applications, apparently devoid of risk.

CNP abilities to act against different cancer features are diverse and occur through disparate mechanisms, making CNPs multifaceted, pleiotropic, and non-conventional anticancer tools. A very intriguing aspect is the multiple, un-related non-redox effects, spanning from leakage of toxic ions, to the paradoxical oxidative stress due to the differential inhibition of catalase- vs- SOD-mimetic activity, to the still ill-defined ability to restore cell-integrity checkpoints. In comparison, the antioxidant activity implying the self-regenerating redox state appears straightforward, explaining, in a univocal sense, antioxidant, anti-apoptotic, and environmental protective effects (Figure 2).


[image: image]

FIGURE 2. CNPs main redox-dependent and independent biological effects. Tumor microenvironment modulation supposedly occurs via antioxidant effect, but no experimental evidence is available. It is hypothesized that acidic-induced toxicity occurs in lysosomes, being the only biological site where a suitable pH (≤4) is reached; however, no experimental evidence is available. Radio-sensitization may be achieved through toxic and non-toxic activation of the apoptotic program, the latter being selective for cancer cells possessing defective DNA integrity checkpoints. DDR, DNA damage response.



The fact that CNPs may affect cell survival in two opposite ways, reducing the extent of damage-induced apoptosis on one side, and promoting apoptosis restoring cell integrity checkpoints on the other, may at first appear paradoxical. However, it must be considered that apoptosis is not only the result of induced damage, but also a physiological response to supernumerary or dangerous cells, induced to die by purely signaling activities, e.g., via activation of the Fas/Fas ligand system (66), or p53 activation (67): apoptosis is thus a way to free the organism of possibly mutated cells. In this scenario, the two effects are not one the reverse of the other, but the result of two different, unrelated anticancer actions of CNPs. Cancer cells, as a rule, lose cell integrity check-points during tumor progression, thereby surviving and replicating in spite of DNA damage (68), increasing malignancy. Agents that restore the signaling responsible for checkpoints induction, can re-establish apoptosis competence without direct toxicity: therefore, CNPs are radio-sensitizers in the strictest sense. It will be important to uncover the mechanism of this intriguing effect and explore whether it can be at the basis also of the other examples of CNPs-dependent radio-sensitization reported.

Finally, it must be underscored that even if the effects mediated by CNPs (e.g., on cancer microenvironment) are apparently redox-mediated, this must be proven experimentally: cell signaling pathways are so much intersecting, that it is risky to attribute mechanisms a priori. The tool of inhibiting CNPs antioxidant activity by Sm doping is a straightforward way to simply address this point, and may help in unequivocally describing the mechanisms at the basis of the diverse anticancer activities of CNPs.
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Dendritic cells (DCs) are the primary antigen-presenting cells and play key roles in the orchestration of the innate and adaptive immune system. Targeting DCs by nanotechnology stands as a promising strategy for cancer immunotherapy. The physicochemical properties of nanoparticles (NPs) influence their interactions with DCs, thus altering the immune outcome of DCs by changing their functions in the processes of maturation, homing, antigen processing and antigen presentation. In this review, we summarize the recent progress in targeting DCs using NPs as a drug delivery carrier in cancer immunotherapy, the recognition of NPs by DCs, and the ways the physicochemical properties of NPs affect DCs' functions. Finally, the molecular pathways in DCs that are affected by NPs are also discussed.
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INTRODUCTION

The human body relies on two well-coordinated immune mechanisms for foreign invader defense, antigen non-specific innate immunity and highly evolved antigen specific adaptive immunity. The major functions of innate immunity are to rapidly eliminate pathogens and in a late stage, to transmit risk signals to adaptive immunity to activate the specific responses. While macrophages and natural killer (NK) cells primarily degrade and remove pathogens in non-specific ways, antigen processing cells (APCs) process and present pathogen signals to adaptive effector cells including T cells (1) and B cells (2, 3). Dendritic cells (DCs) are professional APCs. Originating from the bone marrow as progenitor cells with high phagocytic capabilities, DCs undergo maturation in the peripheral lymphatic organs. Maturation of DCs is triggered by pathogen uptake and is characterized by morphological changes, the expression of co-stimulatory molecules and the release of cytokines. During the maturation process, DCs migrate to lymphatic organs, where they activate both memory and naïve T cells, and thus are regarded as the most potent APCs. Because of their central role in inducing adaptive immunity, in recent decades, DCs have been extensively studied toward the aim of vaccine development and cancer immunotherapy (4, 5).

Cancer immunotherapy is regarded as an important progress for cancer treatment in the first decade of the 21st century. The success of some small-scale trials based on two major strategies, checkpoint blockage with antibodies and ex vivo T cells engineering, has boosted the development of cancer immunotherapy in recent years (6, 7). Because of the limits of these approaches (8), a third strategy, DC vaccination has been considered (9). Although less developed and with unknown efficacy, some clinical trials based on this approach have shown promise (10, 11). In this strategy, DCs are manipulated by either ex vivo or in vivo approaches. Compared to an in vivo approach in which molecules are directly applied to patients to target DCs, in an ex vivo approach, DC precursors isolated from patients are stimulated in the laboratory for maturation by specific antigen and adjuvants, and then are applied back to the patient to activate adaptive immunity. Until now, the functional equality was unknown between ex vivo and in vivo matured DCs, but studies implicate that DCs undergo maturation differently ex vivo than in vivo.

Nanoparticles (NPs) in human blood and lymph are primarily captured by macrophages in the circulation and in tissues composed of the reticuloendothelial system, such as the liver and spleen. The latest studies revealed that precursor DCs patrolling the blood and immature DCs residing in peripheral tissues, such as the kidney and skin, also actively capture NPs, and subject their functions to alteration. These discoveries encouraged interests in using NPs to control DC functions in favor of cancer immunotherapy. The physicochemical attributes of NPs make them especially intriguing for both ex vivo and in vivo DC manipulation. As a novel DC targeting tool, NPs have at least the following advantages compared to traditional tools. (1) NPs such as gold nanorods (12) and carbon black NPs (13), are adjuvants per se and are able to prime DC maturation, thus enhancing humoral and cellular immune responses by synergizing the immunogenicity of antigens. (2) By optimizing the physicochemical properties, NPs can carry antigens or vaccines and directly deliver them to the mature DCs within the secondary lymph organs. In this way, stronger immune responses can be achieved without the accompanying immune tolerance induced by premature DCs (14–16). (3) NPs protect some antigens, such as peptides, from degradation by proteases (17, 18). (4) Using NPs as a platform, co-delivery of two or even more moieties can be realized to achieve stronger immune responses (17–25). Widely used combinations include tumor antigens together with adjuvants such as Toll-like receptor agonists (18, 23–30), or antigens with siRNAs, which silence immunosuppressive genes (31). This property is especially important for some antigens with weak immunogenicity (18). (5) Within DCs, a sustainable release of therapeutics can be achieved by NP carriers through chemical modification on their surface, thus activating DCs more efficiently (22, 32). Until now, different NPs, such as carbon nanotubes (CNTs) (23–25, 33), gold NPs (16, 34, 35), natural NPs [starch (36) and chitosan (37)] or synthetic polymer NPs (38–40) have been studied as vaccine carriers and/or adjuvants by distinct strategies. Even though the rapid advancement, the status quo is that this is still a newly emerging field and its maturation has been hindered by hurdles such as safety of NPs, and a costly and time-consuming process to harvest DCs from patients. An example of using NPs to stimulate the ex vivo maturation of immature DCs (iDCs) for immunotherapy was shown in Figure 1. NP applications for DC manipulation have been well reviewed in some recent excellent literature (41–43). In this article, we first summarize the latest progress of using NPs for cancer immunotherapy. With the aim of providing mechanistic insights on NPs-DCs interactions, we next focus on the latest knowledge in the recognition and uptake of NPs by DCs, and the ways NPs affect DC functions. We also discuss possible mechanisms underlying these effects.


[image: image]

FIGURE 1. Schematics of an example using NPs for DC-mediated immunotherapy. In this example, immature DCs (iDCs) are harvested from patients' bone marrow. NPs loaded with effect molecules are used to pulse and stimulate the maturation of iDCs ex vivo. The mature DCs were reapplied to patients for immunotherapy.



DC-TARGETING STRATEGY USING NPs FOR CANCER IMMUNOTHERAPY

By using NPs as a multifunctional drug delivery carrier for in vivo DC-targeting, some promising cancer immunotherapeutic outcomes have been achieved. In some cases, animal survival rates improved because of the success of tumor growth inhibition. For example, multi-walled CNTs (MWCNTs) loaded with cancer testis antigen and Toll-like receptor agonist were quickly taken up by DCs after administered to animals. Inside DCs, the carried antigen was slowly released, driving DCs to continually activate CD4+ and CD8+ T cell immune responses. Consequently, tumor development was greatly delayed and mouse survival was prolonged (23). In another study, co-delivery of OVA and immune-adjuvants by MWCNTs to DCs dramatically inhibited the growth of OVA-expressing melanoma cells in mice (44).

In some other studies, cancer killing molecules and cytotoxic T cells were activated by a NPs mediated targeting strategy. For example, single-walled CNTs (SWCNTs) carrying a peptide tumor antigen to DCs induced specific IgG responses against this antigen in mice, while there were no such responses when mice were challenged with antigen alone (18). When uploaded by upconversion NPs, the injected ovalbumin enhanced the homing capability of DCs to draining lymph nodes in mice, and significantly induced cytotoxic T lymphocytes and the production of cancer killing molecules such as IFN-γ (17). After administration to mice, gold NPs with polyelectrolyte multilayer coatings increased DC activation and antigen presentation and induced a high level of antigen specific CD8+ T cell immune response in blood (45). Although in these studies cancer inhibition or animal survival data were not reported, the stimulation of cancer killing cytokines and cytotoxic T cells is an indication of better cancer therapeutic efficacy. Some more examples of NPs that were studied for DC-targeted antigen delivery were summarized in Table 1.


Table 1. NPs used for DC-targeted antigen delivery.
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RECOGNITION AND UPTAKE OF NPs BY DCs

In vitro studies using DC models derived from different species (54–56) revealed that, as in other cell types, the uptake of NPs by DCs is either energy dependent or independent (57). Depending on the physicochemical properties of NPs, all four endocytosis pathways are reportedly used by DCs for NPs uptake (Table 2) (52, 60, 63, 64). For example, small sized NPs take a clathrin- and scavenger receptors-dependent pathway (55), while those with diameters larger than 250 nm enter DCs primarily by clathrin independent ways (60–62).


Table 2. Effect of NPs' properties on cellular uptake.
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Physicochemical properties of NPs dictate the recognition and uptake process. Recent studies consistently reveal that smaller NPs are easier for DCs to take up. For example, compared to those with a diameter larger than 1 μm, PLGA NPs of 300 nm have the higher uptake efficiency by DCs (64–66). Another example is that polypropylene sulfide NPs with a size of 20 nm accumulated in DCs in the lymph nodes more efficiently than those of 45 and 100 nm, thus inducing more greater immunity (67). Shorter MWCNTs showed better cellular uptake compared to longer ones, and consequently induced more potent immune responses (25, 33). However, there are paradoxical opinions on the relationship between NPs size and their adjuvant activity, since NPs with different material components have their own optimum size for the induction of immune response (68).

Surface chemistry, such as charge and ligand organization pattern, affects NP internalization by DCs. An example is the positive charge on the gold NP surface led to a higher uptake efficiency by human monocyte-derived DCs (69). Early studies showed that the surface hydrophobicity of NPs was correlated with DCs mediated immune effects (70, 71). For example, hydrophobic segments in amphiphilic γ-PGA NPs' surface significantly increased their interactions with DCs and the consequent immune responses (72, 73). Another example is the zwitterionic ligand coated gold NPs (<3 nm in size) had a higher DCs uptake efficiency compared to those coated with PEGylated ligands (58). In one study, DCs took up NPs coated with PEG-3000 in a higher efficiency compared to those coated with shorter or longer PEG chain (74). Phosphatidylserine modification increased the internalization of SWCNTs by DCs compared to pristine ones or those coated with phosphocholine (75). The presence of aromatic structures on the NP surface resulted in the enhanced uptake of negatively charged GNPs and the activation of DCs (76). Not only chemistry type but also structural organization of surface chemical molecules affects the uptake process by DCs. For example, gold NPs coated with organized striations of alternating anionic and hydrophobic groups penetrated the plasma membrane and entered the cytosol, whereas those with randomly organized functional groups of the same composition were mostly trapped in endosomes of DCs (57).

The shape of the NPs also affects the recognition and uptake by DCs. Compared to spherical counterparts of the same size, gold nanorods and peptide nanofibers showed higher uptake efficiency by DCs in regards to the number of internalized NPs per cell (34, 77). Interestingly, only higher uptake of peptide nanofibers led to a stronger adjuvant efficiency, and gold nanorods actually did not. In another study, the uptake efficiency of rod-shaped PEG-based hydrogel NPs by mouse bone marrow-derived DCs was lower than that of disc-shaped NPs with similar volume and dimensions (78).

In in vivo models, physicochemical properties of NPs again govern their interaction with DCs. In one study, cationic NPs more readily associated with both CD11b and CD103 DC subtypes in the lung than anionic ones, thus resulting in a higher expression level of Ccl2 and Cxc10, two important chemokines that recruit DCs into the drainage lymph nodes (79). NPs uptake by DCs in administration sites and the accumulation in drainage lymph nodes was reported after administration by different routes (67, 80–84). In some studies, the uptake of NPs by DCs residing in lymph nodes was also detected (67, 80, 85, 86). Detailed studies showed that the locally injected NPs migrate to lymph nodes by two routes, i.e., through direct draining of NPs, or through DCs migration from injection site to lymph nodes, where NPs are re-taken up (86). Studies suggest that depending on the composition, NPs with a diameter less than 200 nm usually take the first route, while larger ones take the second route (27, 67, 85–88).

NPs AFFECT DC FUNCTIONS

In peripheral organs and in the blood, premature DCs internalize pathogens or foreign antigens and migrate to draining lymphoid tissue, where they undergo the maturation process characterized by morphological changes and increased expression of cytokines required for priming T cell and membrane molecules, such as CD40, CD80, CD86, DEC205, and MHC molecules (89). In the draining lymphoid tissues, mature DCs activate effector T cells (90). Mature DCs strongly stimulate naïve and memory T cells by presenting antigens. Depending on the way DCs are activated, T cells are stimulated by DCs to differentiate into distinct lineages of T helper (Th) cells, primarily including Th1, Th2, and Th17, which lead to cellular immunity, humoral immunity, and tissue inflammation, respectively. Recent studies revealed NPs affect all steps of DCs induced immunity.

NPs Affect DC Maturation

Long-term immune protection against tumors or pathogens requires the expansion of antigen-specific effector and memory T cells. Naïve T cell expansion can only be efficiently stimulated by mature DCs; therefore, the maturation of premature DCs is critical for the realization of efficient immunotherapy. Recent studies have shown that NPs favor the maturation process of DCs. For example, in in vitro culture, γ-PGA-Phe NPs induced a significant increase in the expression of maturation markers of DCs, and this capability is size-dependent (39, 86, 87). Gold nanorods were also reported to promote DC maturation and downstream immunity, and this effect depended on their surface chemistry (35, 91). Chitosan and other polymer NPs induced DC maturation in a similar way to LPS treatment (92, 93). According to recent research, ZnO NPs at a concentration of 30 μg/mL upregulated the expression of costimulatory molecules CD80 and CD86, and the secretion of IL-6 and TNF-α (94), but they did not show such effects at lower concentrations (10 μg/mL) (95). These effects are shape-independent, since spherical and sheet-shaped ZnO NPs with similar specific surface area showed similar effects (94). C60 fullerenes (96), carbon black (97, 98), (Gd@C82(OH)22)n (99, 100), and layered double hydroxide (LDH) NPs (101) were all reported to increase the expression of MHC and co-stimulatory molecules on DC surface. In another study, polyanhydrides NPs activated DCs with an efficiency that was dependent on their shape and surface hydrophilicity/hydrophobicity (102).

However, NPs are also reported to inhibit the maturation of DCs. For example, treatment with negatively charged QD655-COOH (18 nm) suppressed the expression of CD80/CD86 stimulated by LPS in porcine monocyte-derived DCs (55). In human DCs, gold NPs with a diameter of 10 nm inhibited the expression of CD86, CD83, and IL-12p70 induced by LPS treatment (103). These findings warrant further investigations to avoid side effects of NPs when used for cancer immunotherapy.

NPs Affect Homing Capability of DCs

To activate T cells, DCs must migrate to lymphoid organs and localize closely to the residence T cells, a process known as DCs homing. A high homing efficiency is critical for a successful DCs-based immunotherapy. The homing of DCs can be improved by approaches including pre-injection of pro-inflammatory cytokines or DC homing receptors (104), and optimization of DCs' administration route and times (105). Even with this, the DC homing efficiency remains unsatisfactory (106). Recently, magnetic NPs have been used under an external magnetic field to promote the homing capability of DCs after in vitro activation (107). Some studies suggested that in vitro pulsed DCs by NPs accumulate in draining lymph nodes (17, 18), however, very little is known about NPs' effects on homing capability of DCs. One study suggested that NPs may improve DC homing by increasing the expression of chemokine receptor 7 (CCR7) on DCs surface and leading to the rearrangement of the cytoskeleton (16).

In addition to chemokines on the surface, it is well known that the maturation status of DCs determines their migration to draining lymph nodes (108). It is possible that NPs affects DCs' homing capability by influencing the maturation status of DCs. Future studies are necessary to further understanding of this aspect.

NPs Compromised Antigen Processing and Presentation Capability of DCs

After digestion by APC cells, antigen fragments will be displayed on the cell surface together with either class I or class II MHC molecules, and consequently are recognized by CD4+ (helper) or CD8+ (cytotoxic) T cells, respectively. This process is known as processing and presentation of APC (109–111). It is well reported that NPs change the antigen processing capability of DCs. In vivo, after pharyngeal aspiration, SWCNTs inhibited DCs' functions of antigen capture/processing and presentation but not their maturation process, thus causing decreased proliferation of splenic T cells (112). In in vitro culture, murine DCs treated with graphene oxide (GO) engulfed antigen normally but showed an impaired capability to process antigen and activate antigen-specific T lymphocytes (96). This effect was specific to GO and was not found for other carbon-based NPs, probably due to its planar and negative charged surface. Another example is that treatment with super-paramagnetic iron oxide NPs (PVA-SPIONs) compromised DCs' capability of processing model antigen DQ-OVA with or without concomitant LPS exposure but did not impair their maturation after antigen uptake. As a consequence, the expression of MHCII and the capacity to stimulate autologous CD4+ T cells in vitro were compromised (113).

Harnessing the ability of DCs to induce antigen-specific CD8+ T cell immunity (cross-presentation) is crucial for development of antitumor vaccines. As potential vaccine carriers, NPs could enhance antigen cross-presentation of DCs, thereby produce stronger antitumor immunity. For example, as shown in both in vivo and in vitro experiments, treatment with polymer NPs such as γ-PGA NPs (114, 115), PLGA NPs (116), polyethyleneimine NPs (117) and poly(propylene sulfide) NPs (52) promoted OVA-mediated cross-presentation in DCs by different mechanisms. Changing size and surface chemistry of NPs were effective ways to regulate their effects on antigen cross-presentation intensity of DCs (118, 119). Some metal oxide NPs such as aluminum hydroxide (120) and super-paramagnetic iron oxide NPs (SPIONs) (121) were also reported to improve the cross-presentation ability of DCs. These above studies suggested a potential strategy of using nanotechnology to develop DCs-based cancer immunotherapy.

NPs Affect DC Induced T Cell Differentiation

NPs have long been known to affect DCs' induction of T cell differentiation. For example, exposure to carbon black NPs or diesel exhaust of different sizes significantly enhanced the capacity of bone marrow-derived DCs to stimulate T-cell proliferation (97, 98). When cultured with CD4+ T cells, human monocyte-derived DCs after treatment with poly(vinylalcohol)-coated SPIONs (PVA-SPIONs) showed an impaired capability to activate CD4+ T cell and altered the cytokine release profiles (113). Mechanistically, NP exposure suppressed DCs' capacity to process and present antigen. In another study, porous silicon NPs modified by high C-H structures strongly enhanced DCs' activation of T cell differentiation (122).

Some NPs promoted DCs capability to stimulate both Th1 and Th2 differentiation (123). However, recent studies revealed that treatment with NPs may bias DC induced T cell differentiation directions. For example, SWCNTs (124), (Gd@C82(OH)22)n (99, 100), magnetic iron oxide NPs (MIONs) (125), oxidative TiO2 NPs (126), and PLGA NPs (127) were reported to increase Th1 cell proliferations, while 10 nm gold NPs (103) and CeO2 NPs (126) potentiate DCs' capability to promote Th2 polarization. Moreover, this polarization effect is related to the surface chemistry. For example, gold nanorods coated with poly(diallydimethylammonium chloride) (PDDAC) and polyethyleneimine (PEI) showed a Th2 polarization activity, while those coated with cetyltrimethylammonium bromide did not (35). In another study, TiO2 NPs induced DC maturation and polarized T cells toward Th1-based responses, while CeO2 NPs treated DCs induced Th2-dominated T cell profile (128). Some NPs, such as polystyrene NPs (50 nm) (129), were found to inhibit Th2 polarization without affecting Th1 immunity. Not only NPs composition but also the NPs treatment conditions determines DCs induction effects on T cell differentiation. For example, SWCNTs at 0.5 μg/mL increased Th1 cell proliferation, while suppressing it at 10 μg/mL (124).

NPs were also reported to affect DCs' induction of T cells to differentiate into Th17 cells. For example, carbon black induced Th17-dependent inflammation in mice (130) and gold NPs of 50 nm (but not 10 nm) favored Th17 polarization (103). In comparison, PLGA NP induced nasal tolerance and inhibited T-cell differentiation into Th17 cells (131).

To sum up, the uptake of NPs affects DCs' functional steps from maturation to induction of T cell differentiation (Figure 2). The NPs' physicochemical properties and exposure scenarios govern the outcomes and intensity of these effects. The interactions between NPs and DCs may favor or impair the functions of DCs in immunotherapy. While some molecular mechanisms have been proposed, more are yet to be revealed.
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FIGURE 2. NPs affect DCs' functions in different steps. The checkpoints of DC immunology are shown in this figure and the steps under the probable influence of NPs are summarized. NPs affect the differentiation from haematopoietic stem cells (HSCs) to immature dendritic cells (iDCs) in the bone marrow (132). They change the capability of DCs to uptake and process antigens in peripheral tissues. Some NPs enhance the homing capability of DCs into lymph node. In lymph node, NPs affect antigen presentation capability and maturation of DCs including the release of pro-inflammatory cytokines. Finally, NPs lead to polarization of T cell differentiation induced by DCs. Green arrows show an enhancement effect, while red arrows show an inhibition effect. Black arrows indicate the flow of immune cells.



POSSIBLE MECHANISMS: MOLECULAR PATHWAYS IN DCs AFFECTED BY NPs

Understanding the immunomodulatory mechanisms is a premise to optimize the functions of NPs for immunotherapy. Currently available literature supports that the effects of NPs on DCs may be triggered by binding with extracellular membrane receptors or acting on intracellular molecules. Both interactions depend heavily on the physicochemical properties, especially the surface chemistry of NPs.

One possible mechanism by which NPs affect DCs' fate is via the interference of the intracellular signaling pathways after recognition by cell surface receptor(s). Recent studies have proposed TLR (Toll-like receptor)-MyD88 signaling (133) as one of the most likely pathways that mediates NPs' effects. This mechanism was first identified by a micro-array analysis (134) and was later supported by observations in MyD88-knockout and TLR4-deficient DC models and mice (39). For example, after treatment with γ-PGA NPs, the maturation of DCs with MyD88- or TLR4-knockout but not wild-type was impaired. In addition, in wild-type mice, NPs augmented OVA-induced adaptive immune responses, including T cell activation and anti-OVA antibody production, but these effects were largely diminished in TLR4-deficient mice (39). In some studies, the activity of NF-κB and MAPK signaling pathways, both of which are downstream of TLR-MyD88 signaling, was found changed by NPs treatment in DCs (135). These results further support that TLR4-MyD88 is at least one of the signaling pathways that mediated the effects of NPs (Figure 3).
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FIGURE 3. Proposed molecular mechanisms by which NPs affect DCs' functions. NPs may interfere signal transduction (e.g., TLR-MyD88 signaling), exosome-mediated process, intracellular redox balance, or calcium oscillation inside DCs to affect DCs' functional process.



Another reported mechanism is related to the generation of exosomes. In vivo investigations showed that magnetic iron oxide NPs (MIONs) stimulated the generation of exosomes in the alveolar region of mice after respiratory exposure (125, 136). These exosomes transferred to the reticuloendothelial and immune systems, where the maturation of DCs was induced. Ex vivo studies indicated that when incubated with MION-Exo, immature DCs underwent maturation, as shown by the stimulated expression of MHC class II I-Ad, MHC class I H-2Kd, CD80, and CD86, and differentiated into DC1 subtype as shown by the increased secretion of cytokine IL-12. In contrast, MIONs per se did not have the same effects, suggesting that MIONs-induced exosomes mediated the effects of MIONs in stimulating host immunity (Figure 3).

Some other plausible mechanisms have also been proposed. Based on the link between redox equilibrium with phenotypic and functional maturation of DCs (137), oxidative stress may play a key role for DC activation after treatment with NPs including carbon blacks (CBs) (130, 138) and SWCNTs (124). In one study, 10 nm gold NPs were found to inhibit the change of Ca2+ oscillation during LPS-induced DC maturation (103). However, blocking Ca2+ oscillation cannot totally impair DCs' maturation, suggesting that calcium oscillations-dependent signaling is not the sole target of gold NPs in the regulation of DCs' maturation.

Till now, our knowledge about the ways NPs modulate intracellular molecular pathways in DCs is very limit. Since the interactions between NPs and intracellular molecules may be dominated by the physicochemical properties, especially the surface chemistry of NPs, future studies of the structure-activity relationship will help rational design of NPs-based tools to harness immunotherapeutic functions of DCs.

PERSPECTIVE

For successful DCs-based immunotherapy, three strategies have been considered. First, to deliver tumor specific antigens to DCs and to stimulate their maturation ex vivo followed by re-infusion back to patients. Second, in vivo targeting of DCs with DC-specific targeting molecules together with tumor antigens and activators to induce cytotoxic T cell activation. Finally, in vivo targeting of DCs augments tumor rejection inflammation in the tumor microenvironment (9). For all of these strategies, NPs are perfect antigen or adjuvant delivery carriers of high molecular quantity and variety. In vivo manipulation can better mimic the natural maturation process of DCs, thus can probably produce safer and more efficient immunotherapeutic outcomes. In the future, a deeper understanding of the mechanisms by which the physicochemical properties of NPs affect DCs' functions, such as maturation, homing, antigen process, and induction of T cell differentiation, will be required for safe and efficient DCs-based cancer immunotherapy.
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Recent developments in nanotechnology have brought new approaches to cancer diagnosis and therapy. While enhanced permeability and retention effect promotes nano-chemotherapeutics extravasation, the abnormal tumor vasculature, high interstitial pressure and dense stroma structure limit homogeneous intratumoral distribution of nano-chemotherapeutics and compromise their imaging and therapeutic effect. Moreover, heterogeneous distribution of nano-chemotherapeutics in non-tumor-stroma cells damages the non-tumor cells, and interferes with tumor-stroma crosstalk. This can lead not only to inhibition of tumor progression, but can also paradoxically induce acquired resistance and facilitate tumor cell proliferation and metastasis. Overall, the tumor microenvironment plays a vital role in regulating nano-chemotherapeutics distribution and their biological effects. In this review, the barriers in tumor microenvironment, its consequential effects on nano-chemotherapeutics, considerations to improve nano-chemotherapeutics delivery and combinatory strategies to overcome acquired resistance induced by tumor microenvironment have been summarized. The various strategies viz., nanotechnology based approach as well as ligand-mediated, redox-responsive, and enzyme-mediated based combinatorial nanoapproaches have been discussed in this review.

Keywords: tumor microenviroment, cancer, nano therapy, nano carrier, resistance

INTRODUCTION

Worldwide, tackling cancer still remains a daunting task for clinicians and researchers. Ferlay et al. (2015) have reported that among the different types of cancers, lung cancer is prominently associated with highest mortality rate followed by liver and stomach cancer. In recent times, there has been increased incidences of patients afflicted with breast and colorectal cancers. By the year 2025, it is estimated that, globally, there will be a surge in the number of cancer cases (>20 million annually) (Zugazagoitia et al., 2016). This alarming statistics has compelled the researchers across the globe to expedite the research for newer and potent molecules to overcome the acquired resistance and eradicate the cancerous cells from the biological milieu. However, the complexity of the disease, demands exhaustive efforts to design chemotherapeutics for curbing tumor growth (Raavé et al., 2018).

Nonetheless, these efforts have been translated into cancer molecules capable of combating the cancer progression, albeit in preclinical setting. Their implementation in the clinical setting is yet fraught with non-specificity resulting in undesirable side effects (Dai et al., 2016). Another debilitating issue plaguing the chemotherapeutic arena is the development of acquired resistance which is often a distressing fact after the initial responsive period for both individual and combinational cancer therapy (Cree and Charlton, 2017). Compelling clinical findings incriminate the presence of malignant and metastatic components in tumor microenvironment to be an underlying mechanism of tumor resistance to chemotherapy (Cheng et al., 2016).

Due to complexity of tumor microenvironment (Figure 1), the conventional drug delivery system fails to deliver the chemotherapeutics in effective concentration for cancer cell kill and is associated with debilitating side effects. This has prompted to exploit the alternative nanoparticulate strategy to achieve tumor specificity, if possible, improve therapeutic index and the pharmacokinetic profile of chemotherapeutic agents (Danhier, 2016). By virtue of enhanced permeability and retention (EPR effect), passive diffusion has been found to enable tumor localization of nano-chemotherapeutics. With the limited understanding of tumor microenvironment and initial success accrued exploiting EPR effect; the earlier research was primarily focused on designing stable long-circulating nanocarriers to enable superior drug localization with minimal loss of drugs in systemic circulation. To-date, these efforts have translated into commercialization of first generation FDA-approved nano-chemotherapeutics; liposomal formulation of doxorubicin (DOX) (Doxil® or Caelex®), daunorubicin (DaunoXome®) and albumin-bound paclitaxel (PTX) (Abraxane®) (Overchuk and Zheng, 2017). However, clinically these formulations have been found to be moderately successful due to inadequate tumoral delivery of the nano-chemotherapeutics (Primeau et al., 2005; Kyle et al., 2007). The probable reasons for this discrepancy can be ascribed to the confinement of nano-chemotherapeutics to highly perfused regions, often depriving the low perfused or avascular tumor regions. This inhomogeneity in tumoral distribution has shown to contribute to sub-optimal therapeutic efficacy, acquired resistance, tumor recurrences and hence, necessitates the need for high drug dosing. Consequently, leading to undesirable adverse or toxic effects (Waite and Roth, 2012; Stapleton et al., 2015).
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FIGURE 1. Tumor microenvironment.



For tumoral uptake, the nano-chemotherapeutics rely on the tumor vasculature wherein they are extravasted into the tumor interstitium. However, within the tumor microenvironment, the localization of nano-chemotherapeutics may also be obstructed by the high interstitial fluid pressure, altered extracellular matrix (ECM) structure, increased cell division and impaired lympathic drainage (Wong et al., 2011; Ozcelikkale et al., 2013). Thus, there is a dearth in understanding of the complex parameters governing these transport processes and localization in tumor are posing huge bottlenecks for designing an effective nano-strategy for eradicating tumor. In this perspective, this review focuses on understanding the barriers and opportunities proffered by tumor microenvironment and summarizes the diverse strategies to modulate tumor microenvironment for enhanced delivery of nano-chemotherapeutics to overcome acquired resistance.

UNDERSTANDING THE CHALLENGES AND OPPORTUNITIES PRESENTED BY TUMOR MICROENVIRONMENT TO NANO-CHEMOTHERAPEUTICS

Mounting evidences give an insight about the crucial role of tumor microenvironment in controlling the abnormal tissue growth, tumor progression, development of localized resistance to chemotherapeutics and metastasis. Overall, tumor microenvironment plays a pivotal role in the therapeutic outcome of the chemotherapeutics in clinical oncology. Thus, it is imperative to have an understanding of the tumor biology for designing effective therapeutic interventions to overcome acquired drug resistance, abrogate tumor progression, and prevent metastasis (Chen et al., 2015). In this section, we recapitulate the hallmarks of the malignant tumor microenvironment which have been targeted for effective anticancer therapy and the challenges for nanoparticulate drug delivery. Broadly, the targeting strategies employed focus on; (i) Priming of tumor microenvironment to facilitate better uptake of nano-chemotherapeutics (Figure 2) and (ii) Tumor targeting of nanocarriers by using suitable approaches designed on the specific expression of receptors, enzymes or modulation of tumor microenvironment.


[image: image]

FIGURE 2. Tumor microenvironment priming.



Considering these stratagems, the section Understanding the Challenges and Opportunities Presented by Tumor Microenvironment to Nano-Chemotherapeutics will provide insight about the tumor priming strategies and section Types of Nanocarriers will discuss the widely known approaches to target nano-chemotherapeutics.

Tumor-Associated Vasculature

Generally, tumor-associated vasculature is a key target exploited to achieve localization of the anti-angiogenic chemotherapeutics for suppression of tumor growth. The underlying rationale for anti-angiogenesis, is that an unhindered tumor growth essentially requires independent and unperturbed blood supply. In general, it is assumed that for solid tumors to grow beyond a size of 1–2 mm, a steady supply of oxygen and nutrients is a pre-requisite. Hence, by obstructing the blood supply, tumor regression can be induced in vivo. Several mechanisms have been reported (Chen and Cai, 2014) to contribute to tumor-associated vasculature, namely;

i. Sprouting angiogenesis, a dynamic and complex process characterized by formation of new blood vessels arising due to proliferation of endothelial cells of pre-existing capillaries.

ii. Vasculogenesis, a type of “back-up” pathway predominant on inhibition of angiogenesis, wherein, de novo capillaries are formed from circulating endothelial progenitor cells (Brown, 2014).

iii. Intussusceptive microvascular growth, another variant of angiogenesis, wherein interstitial tissue pillars (invagination of capillary walls) are inserted into pre-existing capillary resulting in splitting of initial new capillary into two new capillaries. It is considered to be a faster process compared to sprouting angiogenesis and characterized by non-leaky capillaries (De Spiegelaere et al., 2012; Ribatti and Djonov, 2012).

iv. Vessel co-option, a characteristic of aggressive and non-angiogenic tumors, exploits the pre-existing capillaries of the surrounding host tissue. Hence, is a major contributor to resistance to anti-angiogenic therapy and metastasis (Donnem et al., 2013; Bridgeman et al., 2017).

v. Vasculogenic mimicry, an alternate pseudo-vascular channel comprising of predominantly differentiated tumor cells for ensuring blood supply. These channels were discovered initially in highly aggressive melanoma cells. However, in recent times, they have also been reported in other malignant tumors, to name a few, lung cancer, ovarian cancer, breast cancer (Angara et al., 2017; Shen et al., 2017).

The onset of angiogenesis widely known as angiogenic switch is induced by plethora of pro- and anti-angiogenic factors. Most widely known and exploited factors comprise of vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), angiopoietin, hypoxia-inducible factor-1 (HIF-1), and transforming growth factor (TGF) which have shown to interact with receptors expressed in the endothelial cells (Carmeliet, 2003; Gacche and Meshram, 2013).

Unlike normal blood vessels which are governed by co-ordinated dynamics of pro- and anti-angiogenic factors, the rapid growing tumor microvasculature are found to be abnormally fragile, irregularly shaped, dilated, tortuous, highly permeable with increased geometric resistance (Geevarghese and Herman, 2014). This abnormality renders the tumor vascular network disorganized and tortuous with a tendency of exclusion of downstream vessels from blood supply. Thus, resulting in discrete hypo-perfused areas or necrotic areas within tumor tissue (Stylianopoulos et al., 2018). Further, the heterogeneous nature of the vascular network, non-laminar blood flow and leaky nature, often result in variability in blood distribution across tumor tissues i.e., showing regions of turbulent or static blood flow. An outcome of this is; (i) Poor accessibility of chemotherapeutics or immune cells present in the bloodstream to poorly perfused tumor regions, (ii) Exacerbation of hypoxic conditions and extracellular acidic pH in tumor, and (iii) Increased interstitial fluid pressure (Jain, 2013; Belli et al., 2018).

Tumor Pericytes

Although associated with tumor vasculature, in recent times, pericytes, a subtype of mural cells (other types include vascular smooth muscle cells) have garnered attention for their role in tumor microenvironment. In normal tissues, pericytes have shown to act as “angioregulators” i.e., they stabilize as well as promote angiogenesis; however, their role in tumor microenvironment is yet unclear (Kelly-Goss et al., 2014). Literature cites that they strengthen the blood vessel barrier in co-ordination with endothelial cells or other blood components, thereby preventing vascular leakage. Besides this, they are also known as metastatic stimulators and contribute in accumulation of cancer stem cells within tumor microenvironment (Gerhardt and Betsholtz, 2003; Kang and Shin, 2016; Ferland-McCollough et al., 2017).

Structurally, pericytes are highly elongated, slender, branched cells, with cytoplasmic projections encircling the vessel wall (Diaz-Flores et al., 2009; Sena et al., 2018). They are situated in the basement membrane of tumor blood vessel either as solitary cells or as single-cell layer (Armulik et al., 2011). It is assumed that, in tumor, pericytes are differentiated either from progenitors in the host tissue or from bone-marrow-derived cells (Liu and Ouyang, 2013). In normal angiogenesis, pericytes control the VEGF-mediated endothelial cell proliferation via the direct cell-to-cell contact and paracrine signaling pathways. Through both these mechanisms, pericytes have shown to exert control on proliferation of endothelial cells. Subsequently, they facilitate migration of endothelial cells by degrading the basement membrane and liberate matrix-bound growth factors (Franco et al., 2011; Stapor et al., 2014; Ribeiro and Okamoto, 2015). It has been documented that the endothelial cells on the tip of newly sprouted vascular channel recruit pericytes via secretion of PDGF-BB. This factor activates the pericytes by binding with PDGFR-β receptors expressed on the pericyte surface and induce its migration across the sprouted vascular channel, thereby modulating the pericyte coverage on tumor vessels (Armulik et al., 2011; Minami et al., 2013).

Besides PDGF-BB, other factors such as Angiopoietin-1/Tyrosine Kinase-2 (Ang-1/Tie2), TGF-β, and matrix metalloproteinases (MMP) play a vital role in pericyte-endothelial cell interactions (Chen Z. et al., 2016). Ang-1, reported to be produced by pericyte, binds to Tie2 receptor expressed on endothelium and plays a pivotal role in maturation as well as stabilization of newly formed blood vessels. Similarly, TGF-β, another important factor secreted by endothelial cells for vessel development, facilitate the recruitment of pericytes toward endothelium. Ang-1 primarily induces stabilization of blood vessel by increasing the pericyte coverage over the blood vessels (Fuxe et al., 2011). Similar to Ang-1, Ang-2 is also secreted by endothelial cells activated by cancer-derived modulators, however, it has shown to exert antagonizing effect (Augustin et al., 2009). It is reported that Ang-2 promotes detachment of pericytes from endothelial cells thereby destabilizing the newly formed blood vessels by initiating uncontrolled sprouting of endothelial cells. In case of MMPs, they indirectly promote pericyte recruitment, proliferation and activation by modifying or degrading the basement membrane and enhancing the release of basement membrane bound growth factors (such as VEGF) (Chantrain et al., 2006).

Studies have revealed that pericyte coverage does vary with different malignant tumors (Eberhard et al., 2000). Morikawa et al. (2002) reported that in tumor tissue, pericytes were found to be loosely associated with endothelial cells in both, basement membrane and on tumor micro vessel. Further, their cytoplasmic processes were found to be deeply penetrated into the tumor parenchyma, a distinct feature of tumor vasculature. Yao et al. (2007) demonstrated that in clear cell renal cell carcinoma tumor tissue, pericyte coverage was visibly absent in undifferentiated vessels while for differentiated vessels, loose association, partial or total absence of pericyte coverage was noted. Zhang et al. (2012) have demonstrated that pericyte coverage was found to be more in aggressive cancers such as pancreatic cancer as compared to relatively lesser threatening cancers such as ovarian or colon cancer. Studies by Welén et al. (2008) on prostate cancer cell line LNCaP demonstrated that high pericyte coverage was associated with decrease in tumor metastasis ascribed to reduction in endothelial cell migration. Similarly, Cooke et al. (2012) reported that low pericyte coverage was associated with reduced tumor growth. However, there was increased metastasis in colorectal, prostate, pancreatic and invasive breast cancers. This influential role of pericyte coverage in tumor growth could be due to the overexpression of PDGF-BB by tumors which governs extent of pericyte coverage and inhibit endothelial cell proliferation resulting in reduction of vessel density and overall tumor growth (McCarty et al., 2007; Raza et al., 2010).

Evidently, the researchers have concluded that, both, the aberrant pericyte-endothelial cell interaction and abnormalities in pericyte structure, do contribute to the leakiness of tumor vasculature (Xian et al., 2006). Recent advances in understanding of tumor microenvironment has led to speculation that pericytes may contribute to the acquired resistance to anti-angiogenic therapy (Bergers and Hanahan, 2008). This is believed to be arising either by enhancing endothelial cell survival via crosstalk or by upregulation of the endothelial survival factor Ang-1 or by producing VEGF (Reddy et al., 2008; Welti et al., 2013). Besides this, pericytes owing to the inherent progenitor properties on detachment from tumor vasculature have also shown to differentiate into stromal fibroblasts, a contributor to tumor invasion and metastasis (Hosaka et al., 2016; Paiva et al., 2018).

Challenges and Opportunities for Nano-Chemotherapeutics in Targeting Tumor Vasculature

For efficient interaction of nano-chemotherapeutics with the cancerous cells in tumor milieu, it is essential that nano-chemotherapeutics are accumulated in the tumor through normal vascular network. Subsequently, their interaction with target cells should be facilitated via selective extravasation from tumor microvasculature and their passage through the ECM (Miao and Huang, 2015). Matsumura and Maeda (1986) were the first to demonstrate the phenomenon of EPR effect of macromolecules in tumor, ascribed to leaky tumor vasculature (Figure 3). Preclinically, ten times higher localization was reported for nanoparticles in the particle size range of 10–100 nm in diameter (Miao and Huang, 2015; Muntimadugu et al., 2017). However, in clinical setting, owing to the complex and heterogenous nature of human tumors, intra-/inter- variability in both tumor characteristics and tumor microenvironment in patient populations, EPR based paradigm approach failed to replicate the success of preclinical studies (Bjrnmalm et al., 2017). Hence, for enhancing the extravasation of nanoparticles, tumor pre-conditioning or priming is being explored. Herein, remodeling of tumor vasculature can be done either by Zhang et al. (2017b) (i) Reducing the pericyte coverage, (ii) Increasing permeability of tumor microvessels, (iii) Tumor vessel dilation or (iv) Vascular normalization wherein anti-angiogenic drugs repair the anomalous structure and function of the tumor vasculature network thereby contributing to enhanced tumor perfusion and oxygenation.
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FIGURE 3. EPR effect in a tumor microenvironment.



The seminal work done by Kano et al. (2007) demonstrated TβR-I (crucial for TGF-β signaling) inhibitor mediated enhanced extravasation of Doxil® (108 nm diameter) as well as micellar adriamycin (65 nm diameter) induced by decreased pericyte coverage of tumor endothelial cells in pre-treated xenografted BxPC3 human pancreatic adenocarcinoma cell line in nude mice. Chaudhuri et al. (2016) showed that at low dose of smoothened inhibitors of hedgehog signaling (erismodegib) pre-treated patient-derived PaCA xenografts promoted extravasation of DOX-loaded sterically-stabilized liposomes (80–100 nm) by promoting formation of immature blood vessels lacking in pericyte coverage with endothelium-poor basement membrane structures. Chauhan et al. (2012) reported that vascular normalization in orthotopic E0771 mammary tumors with anti-VEGF-receptor-2 antibody DC101 showed size-dependent enhancement in tumor reduction, it was superior at lower particle size of ~10 nm (Abraxane) while at higher particle size ~100 nm (Doxil®) it remained unaffected. The reasons ascribed were increase in steric and hydrodynamic barrier with the reduction in pore-size of normalized tumor vessels which benefitted predominantly tumor penetration of smaller particle size. Jiang et al. (2015) suggested controlled dosing of anti-VEGF-receptor-2 antibody DC101 in orthotopically implanted breast adenocarcinoma MCaP0008 cells restored vascular normalization. This ensured enhanced deep tumoral accessibility and penetration of pegylated quantum dots (both 20 and 40 nm) within the tumor stromal matrix. Nevertheless, smaller sized nanoparticles i.e., around 10 nm had superior penetrability across the tumor matrix owing to less diffusional restrictions. Wang et al. (2017) showed that BQ123, a vasodilator which alters an ET-1/ETA transduction pathway as well as blocks the ETA receptor triggered a tumor-specific delivery of photothermal nanomedicine (100 nm) for effective photothermal mediated therapy of tumors.

Tumor Stroma

Broadly, tumor stroma comprises of the following components (Bremnes et al., 2011; Hanahan and Weinberg, 2011; Valkenburg et al., 2018);

i. Cellular components such as non-malignant cells widely known as cancer-associated fibroblasts (CAF), host tissue specific specialized mesenchymal stromal cells, osteoblasts, chondrocytes, innate and adaptive immune cells, endothelial cells, and pericytes (Hughes, 2008).

ii. Extracellular matrix (ECM) comprises of distinct components having different physical and biochemical properties such as structural proteins (collagen and elastin), specialized proteins (fibrilin, fibronectin, and elastin), proteoglycans, and polysaccharides (hyaluronan) (Özbek et al., 2010). They are further classified into the interstitial matrix and the basement membrane (Xiong and Xu, 2016). The components for interstitial matrix are produced by stromal cells and basement membrane; collectively by epithelial, endothelial, and stromal cells (Lu et al., 2012). Basement membrane is a specialized compact, less porous, thin layers of tumor ECM acting as a supporting scaffold for blood vessels and capillaries. It is situated at the basal surface of epithelial and endothelial cells wherein it plays a crucial role in tissue polarity. It is primarily composed of non fibrillar type IV collagen, laminins, entactins, and proteoglycans (Egeblad et al., 2010; Liotta, 2016).

Tumor Extracellular Matrix

Transformation from normal tissue to tumor tissue is accompanied with profound changes in the tumor microenvironment arising due to enhancement in tumor cell contractility, uncontrolled expansion of the growing tumor tissue, and modifications of the attributes of ECM (Northcott et al., 2018). Generally, tumor ECM (~400 Pa) is found to be stiffer in comparison to normal ECM (150 Pa), and the stiffness is thought to contribute to tumor metastasis, activation of adjoining stromal fibroblast to CAF and can be correlated with the number of tumor associated macrophages (TAM) (Cox and Erler, 2011; Reid et al., 2017). The stiffness of tumor ECM is often associated with relatively high levels of crosslinked collagen (Type I), occurring due to the excessive activity of lysyl oxidase (LOX), as well as increased integrin signaling in the tumor microenvironment mediated by collagen modifying enzymes such as P4HA1, P4HA2, PLOD2, and LOX (Holback and Yeo, 2011). Han et al. (2016) demonstrated that abnormal orientation of collagen I fiber in tumor ECM defined the direction of cell migration and promoted cell breakage into the basement membrane before metastasis. For this, tumor cells via contact guidance, used contractile force to align the ECM fibers perpendicularly to the tumor, thereby induced remodeling of the fibers in the vicinity of tumor (Kraning-Rush and Reinhart-King, 2012). Balcioglu et al. (2016) showed that when 4T1 breast cancer spheroids were kept in contact with collagen based ECM, resulted in re-orientation of surrounding collagen-based ECM network upto five times their radius which further acted as a mechanical cue to guide the movement of microvascular endothelial cells, thereby influencing angiogenesis. Besides this, the increased deposition of ECM in tumor microenvironment governed by various angiogenic growth factors, VEGF, stromal cell derived factor 1, Ang-2, PDGF-B, placental growth factor, and connective tissue growth factors are all associated with solid stress (Danhier et al., 2010; Muntimadugu et al., 2017).

The solid stress constitutes two opposing stress, (i) Compressive growth-induced (or residual) stress arising inside the tumor due to both, the expansion of collagen fibers and resistance of proliferating cancer cells as well as activated CAF on compression and (ii) Externally applied tensile stress occurring at the interface of tumor-normal tissue exerted by normal host tissue to resist tumor expansion (Kalli and Stylianopoulos, 2018). In ECM, it is reported that owing to its stiffness, cross-linked collagen resists tensile stress, whereas hyaluronan resists compressive stress, attributed to its negatively charged hydrophilic chains which induce electrostatic repulsion and retains water, thereby resulting in a poorly-compressible matrix (Stylianopoulos et al., 2012; Kharaishvili et al., 2014; Pirentis et al., 2015). The stiffness of ECM has shown to promote tumorigenesis by; favoring cell proliferation, triggering epithelial-mesenchymal transition via epithelial cell-ECM interaction, increasing adherence junctions motility, inhibiting apoptosis in a TGF-β1-dependent process and so on. However, there are exceptions such as neuroblastoma cells, colon, prostate cancerous cells, and human tongue squamous carcinoma cells which require low stiffness (Broders-Bondon et al., 2018). Similar observations have been noted for solid stress, Fernández-Sánchez et al. (2015) examined that solid stress via the mechanical activation of β-cat pathway provided mechanical cues in the in vivo malignant phenotype of murine colon tissue, for inducing the transformation of surrounding normal epithelial cells into cancer cells. Nguyen et al. (2014) demonstrated that the stiffness due to dense network of collagen-rich fibers also hampered the anticancer activity and conferred resistance against Raf kinase inhibitor, sorafenib.

Tumor Associated Macrophages

TAM are one of the important tumor stromal cells (accounting to ~30% of immune cells) implicated in tumor survival, growth, and metastasis. They are either transformed from the existing macrophages of host tissue or localized to the tumor site from the bone marrow and spleen under the influence of monocyte chemo attractant protein-1 (Binnemars-Postma et al., 2017; Quail and Joyce, 2017). Due to their plastic nature, depending on the type of cytokine exposure, they have been known to exhibit either pro- or anti-inflammatory activities (Quail and Joyce, 2017). Widely investigated TAM include tumor resolving classical M1 macrophage and pro-tumorigenic alternative M2 tumor associated macrophage, together they play pivotal role in tumor vessel abnormalization/normalization in tumor microenvironment (Ngambenjawong et al., 2017). Typically, M1 macrophage normalize tumor vascular network and induce immune response thereby causing the phagocytosis or destruction of tumor cells i.e. tumor regression. In contrast, M2 TAM have anti-inflammatory properties thereby stimulating immunosuppression and formation of abnormal tumor vasculature, indirectly contributing to tumor progression (Jarosz-Biej et al., 2018). It is reported that in an invasive cancer, polarization of M1 to M2 macrophages takes place, making M2 macrophage constitute 50% of the tumor stroma. Functionally, they are known to regulate tumorigenesis, metastasis as well as abnormal angiogenesis, in association with tumor related growth factors, inflammatory components such as cytokines and ECM remodeling molecules such as C-C motif chemokine ligand 2, C-X-C motif chemokine 12, CXCR4, TGF-β, VEGF, PDGF, COX-2, and MMP (Zheng X. et al., 2017). Based on these observations, anti-tumor macrophage therapy is primarily focused either on depletion or re-programming M2 macrophage or regulation of polarization of macrophage (Goswami et al., 2017; Hoves et al., 2018).

Cancer-Associated Fibroblasts

Morphologically and functionally, CAF are a type of mesenchymal cells which are endowed with migratory and contractile properties of myofibroblasts, secreting various factors such as; collagen, cytokines, and chemokines into tumor stroma (Pankova et al., 2016). They play a crucial role in remodeling the tumor stroma by co-ordinating the enzymes responsible for secretion as well as crosslinking of the collagen network of ECM thereby increasing the stiffness of ECM (Clark and Vignjevic, 2015). Further, in presence of tumorigenic hypoxia, they generate collagen reticulation which enhances cancer cell invasiveness, contractility and motility (Pankova et al., 2016). Residing within or across the marginal surface of tumor, the resident fibroblasts on activation via growth factors, direct cell-cell communication, interaction with adhesion molecules, interaction with leukocytes, presence of reactive oxygen species (ROS), and microRNA, transform into CAF (Tao L. et al., 2017). These fibroblasts originate either by alteration of smooth muscle cells or bone marrow-derived stem cells by tumor cells, or transdifferentiation of epithelial cells-to-myofibroblasts, or through endothelial-to-mesenchymal transition (Gascard and Tlsty, 2016). Zhuang et al. (2015) documented CAF induced epithelial-to-mesenchymal transition via growth factor such as TGF-β1. Zhang A. et al. (2017) showed that CAF polarized M2 macrophages mediated through increased production of soluble cytokine macrophage colony-stimulating factor thereby promoting cancer proliferation, invasion, and metastasis in pancreatic ductal adenocarcinoma. Based on the role of CAF in modulating tumor microenvironment, anti-cancer associated fibroblast therapies are being designed to overcome the acquired resistance with anti-cancer therapies.

Challenges and Opportunities for Nano-Chemotherapeutics to Target Tumor Stroma

After extravasation, the stiff ECM presents itself as a barrier to the diffusional movement of nano-chemotherapeutics in the interstitial space. The diffusional movement is inversely related to the size of nanoparticles i.e., particles exceeding matrix mesh size ranges 20–40 nm are restricted from diffusing across the ECM in solid tumors. While the nanoparticles nearing the aforementioned mesh size range are hindered to lesser extent and particles less than mesh size range are found to penetrate relatively easily. Besides this, the tortuosity of the interstitial space further lengthens the diffusional path-length of the nanoparticles from normal vessels to tumor cells (Zhang et al., 2017a). It is also believed that the high amount of collagen reduces the hydraulic conductivity thereby decreasing the convective flow in the interstitium (Nichols and Bae, 2014). Hence, tumor matrix degrading enzymes i.e., collagenase and hyaluronidase contribute to improved intratumoral dispersion of nanoparticles by disruption of ECM. This holds true, especially, for collagenase which is found to be more effective in case of nanoparticles, in comparison whereas hyaluronidase is known to facilitate distribution of smaller molecules such as DOX (Au et al., 2016). However, disruption of ECM helps relieve the solid stress by reopening the collapsed tumor vessels but has little or null effect on their leakiness. Similarly, vascular normalization is ineffective for distribution of nano-chemotherapeutics, moreover, it is unable to reduce the solid stress and decompress the tumor vessels compressed by rigid ECM or proliferating cells (Stylianopoulos and Jain, 2013).

Zhang et al. (2017a) demonstrated the use of a selective COX-2 inhibitor, celecoxib in improving the tumor localization of PTX-loaded micelles in a human-derived A549 tumor xenograft nude mice model. Celecoxib was found to modulate tumor microenvironment, by varied mechanisms, viz. reduction of the expression of CAF, distortion of ECM by fibronectin bundle disruption and normalization of tumor vasculature, resulting in improved tumor perfusion. This enabled and improved in vivo delivery as well as therapeutic benefits of PTX-loaded micelles. Interestingly, Chen B. et al. (2016) have demonstrated the effect of Tenascin C, a tumor-specific ECM targeted FHKHKSPALSPVGGG peptide-coated liposomal delivery of Navitoclax (NAV), a targeted high-affinity small molecule for priming tumor microenvironment. Tenascin C facilitated tumor localization of liposomal formulation by specifically inducing CAF apoptosis (at a very low dose 5 mg/kg), by reducing interstitial fluid pressure and vascular normalization. The liposomal NAV when used in conjunction or separately with liposomal delivery of DOX was found to improve the tumor localization of DOX. The proposed mechanisms for the enhanced anti-tumor effect included; synergistic anti-cancer activity between DOX and NAV, eradication of CAFs, and deeper penetration of liposomal DOX into tumor tissue. Similarly, Geretti et al. (2015) revealed that the appropriate dose sequencing of cyclophosphamide, enhanced tumoral uptake of HER2-targeted pegylated liposomal DOX in MDA-MB-361 cells, by induction of tumor cell apoptosis, decrease of tumor cell density, reduction of interstitial fluid pressure, with enhanced vascular perfusion.

Tumor Interstitial Fluid Pressure

In normal tissues, under the influence of capillary hydrostatic pressure there is an extravasation of fluid from the capillaries leading to increased interstitial pressures. However, the pressure is controlled by systemic re-absorption of accumulated interstitial fluid through the post-capillary veins and drainage via lymphatic flow (Scallan et al., 2010). In general, the components of the tumor interstitium can be broadly categorized into the colloid-rich gel domain; comprising predominantly of hydrophilic hyaluronate and proteoglycans, and the colloid-poor fluid-free domain (Omidi and Barar, 2014). Structurally, in cancerous conditions, owing to the irregular geometry, abnormal vasculature, increased ease of transcapillary fluid flow (i.e., vessel leakage), dysfunctional lymphatic drainage system and rapidly proliferating cell burden in the ECM (solid stress), there is constant build-up of interstitial fluid (Lunt et al., 2008; Wiig and Swartz, 2012). The outcome of these solid and fluid pressures in the tumor is the tumor interstitial fluid pressure (Ariffin et al., 2014; Stylianopoulos, 2017). Literature states that for normal tissues interstitial fluid pressure is in the range of −3 to +3 mmHg, whereas for solid malignant tumors, it increases within a range of 5 to 40 mmHg (Baronzio et al., 2012; Simonsen et al., 2012; Yu T. et al., 2013; Wagner and Wiig, 2015). It is experimentally found that the interstitial fluid pressure is greater in the interiors of tumor and precipitously drops across the tumor boundary and surrounding host tissues, possibly in the periphery connected to the normal tissue blood vessels (Siemann and Horsman, 2015). Conversely, the interstitial fluid flow is relatively lower in the tumor interior and is found to be directed toward the tumor boundary and the surrounding tissue (Wu et al., 2013). Increase in interstitial fluid pressure stimulates stretching of tumor cortex, as a consequence, the cell proliferation in the tumor tissue is triggered (Hofmann et al., 2006). Yu T. et al. (2013) demonstrated that high tumor interstitial fluid pressure markedly altered the expression of ~ >1,800 genes associated with invasion and metastasis in SCC-4 and SCC-9 human tongue squamous cell carcinoma cell lines, as a result, there was enhancement in in vitro cancer cell proliferation and invasion.

Challenges and Opportunities for Nano-Chemotherapeutics to Target Tumor Interstitial Fluid Pressure

Due to transient high local interstitial fluid pressure, chemotherapeutics are often expelled into systemic circulation from the tumor periphery into adjoining tissues, thereby reducing the efficacy as well as tumor specificity of cancer therapy. Moreover, due to the absence of fluid pressure gradients across the vessel wall and within the tumor, there is a decrease in both, transcapillary flow and convective transport of chemotherapeutics, making diffusion the primary mechanism for transvascular and interstitial transport of drug in tumor (Cairns et al., 2006; Chauhan et al., 2011; Stylianopoulos et al., 2018).

With regards to nano-chemotherapeutics, both diffusion process and outward direction of the interstitial fluid pressure from the core of tumor compromises the distribution as well as localization of nano-chemotherapeutics into tumor tissue (Nakamura et al., 2016). Torosean et al. (2013) demonstrated that uptake of 40 nm fluorescent beads was found to be drastically reduced in tumor having higher interstital pressure arising due to increased collagen content. Hylander et al. (2015) showcased the tumor priming potential of cytotoxic biological therapy Apo2L/TRAIL in lowering interstitial fluid pressure in three different human tumor xenograft models (Colo205, MiaPaca-2 and a patient gastrointestinal adenocarcinoma tumor xenograft). The study revealed that via apoptosis, a single dose of Apo2L/TRAIL drastically lowered the interstitial fluid pressure in treated tumors with broadening of the stromal areas at 48 h. Post treatment, there was significant improvement in tumoral uptake and anti-tumor efficacy of both gemcitabine and liposomal gemcitabine. Interestingly, another study carried out using single dose of tumor priming agent, liposomal imatinib (50 mg/kg) showed reduction in the interstitial pressure in B16 melanoma achieved by inhibition of tumor fibroblasts via blocking PDGF and vascular normalization for almost 50 h. Further, the liposomal tumor priming agent at 20 mg/kg significantly improved the intra-tumoral delivery, accumulation and anti-tumor efficacy of liposomal DOX (Fan et al., 2013).

Tumor Chemical Microenvironment

An outcome of aberrant tumor vaculogenesis is inadequate diffusion and perfusion within and across the uncontrollably proliferating tumor tissue leading to generation of two potentially debilitating metabolic crisis i.e., hypoxia and extracellular acidosis (Mistry et al., 2017).

Tumor Hypoxia

Tumor hypoxia is a consequence of overconsumption of accessible oxygen by rapidly proliferating cells present at the periphery of tumor and also possibly due to inconsistent erythrocyte flux in the abnormal tumor vasculature (Michiels et al., 2016). This variability of oxygen supply arises due to the hindered diffusion of oxygen at a depth beyond 70–150 μm from the peripheral tumor vasculature thereby contributing to an oxygen tension of < 0.1 mmHg (anoxia) to 15 mmHg (Bennewith and Dedhar, 2011; Chitneni et al., 2011; Michiels et al., 2016). Typically, the oxygen concentration in normal tissue and hypoxic solid tumors is found to be in the range of 3–6 and 1–2%, respectively (Ivanovic, 2009; Tian and Bae, 2012). Broadly, tumor hypoxia is classified as chronic hypoxia/diffusion-limited hypoxia and acute cyclic hypoxia/perfusion-limited hypoxia (Dewhirst et al., 1999; Yasui et al., 2010; Patel and Sant, 2016). Chronic hypoxia is a condition characterized by deficit in oxygen level for a prolonged duration (atleast several hours). This is ascribed to longitudinal oxygen gradient i.e., oxygen concentration in the blood remains low, which drastically shortens the length of radial oxygen diffusion in tumor blood vessels causing chronic hypoxia (Matsumoto et al., 2011). In contrast, acute cycling hypoxia affects cancer, endothelial cells and stromal cells adjacent to poorly perfused blood vessels. Herein, the tumor cellular components are exposed to fluctuating periods of re-oxygenation and deep/moderate hypoxia, attributed to cycle of angiogenesis and vascular remodeling activity (occurring over days) and varying erythrocyte flux owing to the redundant tumor vascular network (normally 1–3 fluctuations/h) (Dewhirst, 2007). Pathologically, hypoxia is associated with angiogenesis, metastasis and responsible for acquired resistance to cancer therapy (Muz et al., 2015). In tumor tissues, hypoxia has also shown to induce production of PDGF-BB and other angiogenic factors via HIF-1 (Rankin and Giaccia, 2016). Similarly, hypoxia results in phenotype re-programming of macrophages rendering M1 macrophages unable to present antigens or release pro-angiogenic and immunosuppressive factors, transforming them into anti-inflammatory M2 phenotype (Chanmee et al., 2014).

Tumor Acidic Environment

In normal cells, energy is obtained via oxidative phosphorylation. In contrast, owing to abnormal tumor vasculature and hypoxia, tumor cells derive the energy from the oxygen-independent glycolysis also known as the Warburg effect. The tumor acidic milieu is characterized by increased glucose uptake and fermentation of glucose to lactate. This leads to increase in H+ ions production and excretion, however, due to poor tumor vascular perfusion, an acidic extracellular pH (pHe) is generated in malignant tumors, pHe of 6.5–6.9 in comparison to physiological pHe of 7.2–7.4. This acidic environment causes efflux of H+ ions along the concentration gradient from tumor into adjoining normal non-cancerous tissue, leading to cellular death (Estrella et al., 2013). Besides this, carbonic anhydrase (CA) also contributes to the production of H+ ions by catalyzing hydration of excess CO2, a by-product of pentose phosphate pathway in tumor (Kato et al., 2013). Thus, a hostile environment encompassing; acidic microenvironment, poor vasculature, proliferating cells, and acidic pH-mediated degradation of ECM by proteinases and subsequent remodeling proves to be detrimental to normal cells. Interestingly, cancerous cells are shown to exhibit better tolerance to the acidic pH by virtue of upregulation of the sodium-hydrogen exchanger or CA (Iessi et al., 2018). Generally, the loss of normal cells and breakdown of ECM has shown to propel the proliferation and invasion of cancerous cells in the vacant space i.e., acidosis contributes to tumor progression via invasion and metastasis (Damaghi et al., 2015). Contrastingly, Warburg phenomenon has also shown to upregulate the expression of crucial transporters for glucose uptake byproducts arising due to glucose metabolism. This enables cancer cells to maintain intracellular pH at 7.4 despite the acidic extracellular pH (Barar and Omidi, 2013; Liberti and Locasale, 2016).

Challenges and Opportunities for Nano-Chemotherapeutics to Target Tumor Chemical Environment

In general, abnormality of tumor chemical environment is an outcome of aberrant tumor vasculture. Hence, normalizing of tumor vasculature to an extent has shown to counteract tumor hypoxia and tumor acidity, thereby improving the tumoral uptake of nano-chemotherapeutics (Xiao et al., 2017). Herein, the strategies widely explored exploit the tumor microenvironment to deliver environment responsive nano-chemotherapeutics (section Types of Nanocarriers).

TYPES OF NANOCARRIERS

Conventional Nanocarriers

Taking into consideration the various attributes for facilitating cell-nanoparticle interaction (Fernandes et al., 2018), several nanocarriers have been designed and explored for the treatment as well as management of cancer. Nano-chemotherapeutics provide several advantages over the conventional cancer therapies, such as superior drug efficiency with minimum toxicity, specificity to tumor site, improved drug solubility and stability, greater circulatory half-life of drug, sustained/controlled release, stimuli-activated drug release, nano-chemotherapeutics with imaging modalities and so on. Since the discovery of EPR effect, several formulation scientists have successfully explored nanocarriers which are stable in the blood during their transit to the tumor cells, penetrate deeper into the layers of tumor tissue and accumulate at the tumor site.

Conventionally, nanocarriers may be broadly classified as follows (Figure 4): (a) lipid-based nanosystems viz. liposomes (Zhang X. et al., 2017), solid lipid nanoparticles (Delgado et al., 2012), nanostructured lipid nanocarriers (Shete et al., 2014), nanoemulsions (Izadiyan et al., 2017), lipoplexes (Hattori et al., 2013); phospholipid based microemulsions (Jain et al., 2010) (b) metal-based nanosystems viz. iron oxide, gold, silver, platinum nanoparticles (Bishop et al., 2015); (c) carbon- (Wan et al., 2016) and silica-based (Yu M. et al., 2013) nanosystems; (d) polymer-based nanosystems viz. polymeric nanoparticles (Shen et al., 2013), polymeric micelles (Hao et al., 2015), dendrimers, nanocapsules, polymerosomes, polymer conjugates; (e) surfactant-based nanosystems (Wu et al., 2017); (f) virus-based nanosystems (Ling et al., 2011); (g) biological membrane-based nanosystems and (h) hybrid nanosystems with combination of any above mentioned systems (Shi et al., 2017).
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FIGURE 4. Types of nanocarriers.



In the last few decades, research has shown that the shape of nano-chemotherapeutics does influence the nanoparticle intravascular, transvascular, and/or interstitial transport as well as their subsequent cellular interaction. This insight about the role of shape of nanocarriers has led to diverse shapes based nano-chemotherapeutics viz., nanospheres, nanoprisms, nanoplates, nanocages, nanorings, nanoboxes, nanostars, nanoflowers, nanodiamonds, nanoshells, nanorods, nanocrystals, nanosheets, nanotubes, nanosnowflakes, and so on (Grazu et al., 2012; Toy et al., 2014). Xie et al. (2017) demonstrated the influence of diverse nanocarrier shapes i.e., nanostar, nanorod, and nanotriangle of methyl-pegylated-anisotropic gold nanoparticles on cellular internalization in RAW264.7 cells (mouse leukaemic monocyte macrophage). The study revealed that the cellular uptake of gold nanoparticles was in the ascending order of nanostar < nanorod < nanotriangle. The dissimilar uptake behavior was ascribed to the endocytotic process. The nanostars were preferrentially internalized via clathrin-mediated endocytotic process. While nanorods were taken up by both via clathrin- and caveolae/lipid raft-mediated endocytosis and were also shown to undergo exocytosis. For nanotriangles, both, clathrin-mediated and cytoskeletal rearrangement enabled dynamin-dependent pathways were found to contribute to superior uptake of nanocarriers.

Pioneering research on nano-chemotherapeutics have reported that the non-spherical nano-chemotherapeutics such as filamentous micelles, nanoneedles, nanorod, or nanodisks displayed greater tumor targeting potential. However spherical nano-chemotherapeutics have shown greater benefits with respect to ease of synthesis, development and evaluation (Truong et al., 2015). The study by Champion and Mitragotri (2006) elucidated the mechanism of uptake of diverse shapes of nano-chemotherapeutics using nonopsonized and IgG-opsonized anisotropic polystyrene particles in continuous alveolar rat macrophage cells NR8383. The researchers designed six different geometric shaped nanocarriers viz., spheres (radius 1.0-12.5 μm), oblate ellipsoids (major axis 4 μm, aspect ratio 4), prolate ellipsoids (major axis 2-6 μm, aspect ratio 1.3–3.0), elliptical disks (major axis 3–14 μm, aspect ratio 2–4, thickness 400–1,000 nm), rectangular disks (major axis 4–8 μm, aspect ratio 1.5–4.5), and UFOs (sphere radius 1.5 μm, ring radius 4 μm). The study documented that for cellular uptake of nano-chemotherapeutics, the angle of contact between the cellular membrane and nanocarriers is the important governing factor. It was stated that the tangent angles of nanocarriers during initial contact either led to orientation-dependent phagocytosis or simple spreading of macrophages without internalization. Study carried by Geng et al. (2007) also demonstrated ten times longer circulation time of PTX-loaded filomicelles of amphiphilic block copolymers of PEG-polyethylethylene or PEG-polycaprolactone than their spherical counterpart in rodents, post intravenous administration. In vitro phagocytosis assays were conducted using blood-drawn human neutrophils and human macrophage cell line, THP1. Spherical nanoparticles and short filomicelles (< 4 μm) were taken up by cells more readily than long filomicelles (~18 μm) as the longer filaments were shown to be extended into long chains in the presence of fluid flow. Similarly, Zhou et al. (2013) studied the effect of shape of amphiphilic PEG-block-dendritic polylysine-camptothecin conjugates on the cellular uptake, in vivo blood clearance, biodistribution and tumor targeting. DOX was used as a tracer to evaluate the cell internalization of nanorod-shaped and nanosphere-shaped conjugates in non-drug resistant cells (MCF-7) and multidrug-resistant cells (MCF-7/ADR). Nanorod-shaped conjugates showed efficient cellular uptake than nanosphere-shaped conjugates owing to their elongated shape. Additionally, long nanorods (>500 nm) exhibited lower blood circulation than medium size nanorods (~1,000 nm) owing to rapid RES clearance and lung accumulation.

Tumor Microenvironment Targeted Nano-Chemotherapeutics

Although, in the last decades, EPR targeting was an underlying paradigm to target nano-chemotherapeutics, there were some limitations involving nano-chemotherapeutics having low molecular weight. In such cases, it was observed that the nano-chemotherapeutics had the tendency to re-enter the systemic circulation via diffusion. Thus, this led to reduced tumor residence time, making it essential to improve the nanotargeting of such chemotherapeutics by considering the overall changing pathophysiological characteristics of the tumoral tissues (Din et al., 2017). Considering this shortcoming, nano-chemotherapeutics targeting to tumor microenvironment has shown to be a promising approach to mitigate drug resistance.

Generally, delivery of effective nano-chemotherapeutics to the tumor microenvironment takes into consideration various endogenous factors such as acidosis, enzyme activity, redox potential, hypoxia, hyperthermia, oxidative stress, high interstitial fluid pressure, and ATP. Additionally, it takes into account, explicit pathophysiological conditions in the tumor microenvironment, such as varying levels of amino acids, functional proteins, DNA fragments and inflammatory cells, such as macrophages, mast cells, lymphocytes, and neutrophils (Chen Y. et al., 2017).

Preclinically, strategies involving pegylated nanocarriers, stimuli-responsive nanocarriers, dual-functional nanocarriers, have demonstrated successful outcomes in abrogating tumor growth by targeting tumor microenvironment. Mostly, these strategies, involve site-specific detachment of PEG linkage (Ding et al., 2015), reversing surface-charge, reduction in particle size, hyperthermia-induced CO2 generation (Han et al., 2015), responsiveness to stimuli such as pH (Jiang et al., 2015; Yoshizaki et al., 2016), temperature (Needham et al., 2013; Kokuryo et al., 2017), or responsiveness to external-trigger such as magnetic field (Clares et al., 2013), light (Li et al., 2015), ultrasonic waves, laser (Li et al., 2017), and so on. Broadly, tumor microenvironment targeted nano-chemotherapeutics may be categorized as polymeric-, surfactant-, lipid-, carbon-, silica-, metal-, or metal oxide- based nano-chemotherapeutics.

Targeting the acidic microenvironment of tumor, nano-chemotherapeutics designed using acid-sensitive polymers such as polyethylenimine-Schiff base (Zhao et al., 2017), poly(styrene-co-maleic anhydride) (Dalela et al., 2015), poly(beta-amino ester) (Min et al., 2010), poly-(2-(diisopropylamino)-ethylmethacrylate) (Xu X. et al., 2016), and so on, have been explored. Lee et al. (2008) developed DOX-loaded polymeric micelles comprising of two block copolymers of poly(L-lactic acid)-b-poly(ethylene glycol)-b-poly(L-histidine)-TAT (transactivator of transcription) and poly(L-histidine)-b-poly(ethylene glycol), wherein the micelles were found to protect the TAT and DOX during circulation. Thereafter, in slightly acidic tumor extracellular pH, the micelles were shown to expose TAT to enable the internalization process. Subequently, the internalized copolymers were shown to ionize and disrupt the endosomal membrane facilitating tumor specific DOX release in the xenografted tumors of human ovarian tumor drug-resistant A2780/AD in nude mice. Similarly, Min et al. (2010) designed camptothecin encapsulated pH-responsive micelles comprising of methyl ether PEG-poly(β-amino ester) block copolymer. Within the acidic tumor microenvironment, the micelle disintegrated to release the chemotherapeutic within the MDA-MB231 human breast tumor-bearing mice. Further, the authors explored the tumor microenvironment responsive nature of micelles for noninvasive in vivo fluorescence imaging of MDA-MB231 human breast tumor-bearing mice by encapsulating optical imaging fluorescent dye, tetramethylrhodamine isothiocyanate within the micelles. Another approach involved the use of amphiphilic polymer-based self-assembled nanocarriers. These systems have a tendency to undergo protonation-induced hydrophobic-hydrophilic switch in presence of acidic tumor microenvironment. Since such switch destabilizes the assembled nanocarriers, it leads to the release of chemotherapeutics within the tumor microenvironment. Besides this, there are studies which illustrate the role of tumor hypoxia in triggering hydrophobic 2-nitroimidazole-to-hydrophilic 2-aminoimidazole switch leading to destabilization of the nano-chemotherapeutics and subsequent release of chemotherapeutics at the desired site (Chen B. et al., 2017). Zhu et al. (2014) designed tumor reductive environment responsive surface functionalized cationic polylysine endowed with cleavable pegylation and lipophilic histidylation (mPEG-SS-Lysn-r-Hism) for intracellular delivery of siRNA. Cleavable pegylation ensured long circulation of nano-chemotherapeutics in the systemic circulation with selective PEG detachment in response to intracellular tumor reductive microenvironment, facilitating tumoral localization of nano-chemotherapeutics. In this system, histidine conferred lipophilic histidylation for proton sponge effect of imidazole ring and lipophilic benzyl group which led to osmotic swelling of the endosome, disruption of the membrane and promoted release of siRNA intracellularly. In general, PEG-based amphiphilic nano-chemotherapeutics have known to exhibit several advantages such as ability to; overcome multi-drug resistance, co-deliver hydrophobic and hydrophilic drugs, provide longer circulation time of nano-chemotherapeutics, avoid rapid RES clearance and enhance EPR effect (Chen S. et al., 2016). For instance, Mu et al. (2010) developed mixed mPEG-PLA-Pluronic copolymer nano-micelles for better drug bioavailability and to overcome multidrug resistance of docetaxel (DTX).

Modified-liposomes also have been one of the most extensively explored modalities for targeting tumor microenvironment. Liposomes as drug delivery nanocarriers possess advantages of biocompatibility, nonimmunogenicity and delivery of array of chemotherapeutic agents, however they lack tumor specificity which may lead to increased adverse off-target effects. Nevertheless, surface modification of liposomes have enabled multiple functionalities, such as enhanced blood circulation, higher accumulation at tumor site, greater cell internalization and so on (Deshpande et al., 2013). Most prominently, pegylation of liposomes has been done which ensure prolonged systemic circulation of nano-chemotherapeutics. However, there are instances the PEG brush may impede generalized cellular uptake by inhibiting the endosomal escape of liposomes causing degradation of the encapsulated content. Hence, acid-sensitive linkages between PEG chain and hydrophobic moiety such as diortho esters, vinyl esters, cysteine-cleavable lipopolymers, double esters, and hydrazones (stable at pH 7.5, but rapidly hydrolyze at pH < 6) are often incorporated to impart pH-sensitive attribute to liposomes for the specific delivery of cargo in acidic milieu of endocytic vacuole or tumor microenvironment (Deshpande et al., 2013). Liu Y. et al. (2014) have designed DOX- and verapamil-loaded liposomes containing pH-responsive molecule, malachite green carbinol base. This base, on exposure to acidic milieu converted to carbocationic form leading to disorientation of the liposome and target site-specific release of DOX. The anti-cancer activity was further augemented by incorporation of a P-gp inhibitor Verapamil, which aided reversal of multi-drug resistance effect in resistant in vitro and in vivo breast cancer model. Yan et al. (2015) designed pH-responsive DOX-loaded liposomes coated with glycol chitosan which showed the conversion of anionic nature on the liposomes at physiological pH to cationic nature in acidic extracellular tumor microenvironment. This change in charge facilitated cellular uptake of liposomes in T6-17 tumor-bearing mice thereby enhancing the overall anti-cancer activity. Koren et al. (2012) developed a multifunctional pH-sensitive pegylated long-circulating liposomes of Doxil®, modified with cell-penetrating TAT peptide and cancer-specific mAb 2C5. The immunoliposome contained a pH-sensitive hydrazone bond between long PEG chains and phosphatidylethanolamine component (PE) which degraded specifically at the acidic tumor microenvironment, causing removal of long PEG chains and deshielding the TAT peptide. This multifunctional liposomal system minimized the destruction of non-target cells for much improved anti-cancer therapy.

Apart from pH-sensitivity, hyperthermia-responsive liposomes containing thermosensitive-lipids or polymers have also been studied. Hyperthermia at tumor site has shown to increase tumor permeability and drug uptake by increasing the microvasculature pore size and blood circulation. Prominent advantage of thermosensitive liposomes is its ability to release the contents at phase transition temperature due to melting of liposomes causing open nature and pore-like structures for content release. Park et al. (2014) developed DOX-loaded thermosensitive liposomes of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000], cholesterol, and a fatty acid conjugated elastin-like polypeptide in the molar ratio, 55:2:15:0.41, respectively. The research protocol contained induction of local heating (42°C) of 30 min prior to i.v. injection, at the tumor site of tumor-bearing BALB/c nude mice for enhanced EPR effect. The study outcomes suggested better accumulation of DOX-loaded liposomes when compared to free DOX-treated group, both, in presence and absence of preheating. DOX-loaded liposomes under preheated conditions exhibited 5-fold, 11-fold, and 31-fold increase in drug accumulation at 6 h after i.v. injection when compared to DOX-loaded liposomes without preheating, free DOX-treated group without preheating, and free-DOX treated group with preheating, respectively. Similarly, Achim et al. (2009) developed DOX-loaded liposomes composed of thermosensitive lipids; dipalmitoylphosphatidylcholine (DPPC) and distearoylphosphatidylcholine (DSPC) alongwith cholesterol in the molar ratio, 26:4:6, respectively; DOX-loaded lyso-thermosensitive liposomes composed of 1-palmitoyl-2-hydroxy-3-glicerophosphatidylcholine, DPPC, DSPC and cholesterol in the molar ratio of 2:24:4:6, respectively and DOX-loaded non-thermosensitive liposomes composed of L-α-phosphatidylcholine and cholesterol in the molar ratio of 30:6, respectively. Though, DPPC showed gel-to-liquid phase transition temperature (Tc) at a clinically attainable local hyperthermia, 41.5°C, it was associated with poor rate and reduced amount of drug release. Hence, it is used in combination with other lipids such as DSPC having higher Tc at 54.9°C.

Mesoporous silica nanochemotherapeutics as drug delivery carriers have also been explored for its ability to have higher drug loading (about 60%). However, they have limitations, due to the porous structure of the silica nanoparticles there is often leakage of drugs and undesirable burst release. To address this issue, tumor microenvironment-responsive mesoporous silica nano-chemotherapeutics have been designed, wherein stimuli-triggered caps may be provided for protecting the drug-loaded pores in the mesoporous silica nano-chemotherapeutics and promoting drug release only in the tumor microenvironment (Schlossbauer et al., 2009; Liu et al., 2015). Various molecules which behave as gatekeepers include ferric oxide, avidin, peptides, human serum albumin, β-cyclodextrin, gelatin etc., may be incorporated during the designing of silica-based nano-chemotherapeutics. Removal of these gatekeepers, triggered by tumor microenvironment-related factors such as acidic pH, redox potential, over-expressed enzymes have shown advantages over non-triggered systems (Chen B. et al., 2017).

Metal or metal oxide nano-chemotherapeutics have also shown potential in the tumor microenvironment. For instance, Crayton and Tsourkas (2011) explored the pH-titratable superparamagnetic iron oxide for accumulation of nanoparticles in the tumor microenvironment. The metal oxide nanoparticles were conjugated with glycol chitosan, a water-soluble polymer with pH-titratable charge, demonstrating in vitro pH-dependent cellular association. Zhong et al. (2013) developed hybrid micelles using PEG-PLA (organic-inorganic) copolymers, which were further coated with gold nanorod in order to improve the stability of nanocarriers during systemic circulation. In addition to this, these systems were designed to release the anti-tumor agent on exposure to NIR radiation due to the phase transition of PLA induced by the photothermal effect.

Few examples of tumor microenvironment governed conventional nano-chemotherapeutics are shown in Table 1.


Table 1. Few examples of tumor microenvironment governed conventional nano-chemotherapeutics targeted for tumor therapy.
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Recently, multistage nano-chemotherapeutic approach has evolved which has helped in reducing the shortcomings of conventional nanotherapy such as drug resistance, circulatory half-life of the actives, heterogeneity of cancer cells, and suppression of immunity by the tumor microenvironment (Conniot et al., 2014). As mentioned earlier, tumor microenvironment over-expresses various receptors, possesses higher redox potential and increases levels of certain enzymes. Thus, the approaches further discussed in this review are focused on ligand-mediated, redox-responsive, and enzyme-mediated nano-chemotherapeutics.

Ligand-Mediated Nano-Chemotherapeutics

Ligand-mediated nano-chemotherapeutics have shown promising outcomes due to their passive as well as predominant active targeting. However, they lack clinical outcome due to diverse expression of membrane receptors between patients, type- and stage- of tumor and prevention of penetration of extravasated nano-chemotherapeutics due to peripheral receptor-ligand interactions with the tumor cells (Chen B. et al., 2017). For successful active targeting, it is desirable that the ligand functionalized on the surface of the nano-chemotherapeutics have selectivity toward the receptors over-expressed homogenously and specifically by tumor cells at all tumor sites. In addition to this, the selected ligand should either bind or modify the tumor core vasculature (Lammers et al., 2008) or facilitate cellular internalization of nano-chemotherapeutics (Cho et al., 2008). For effective internalization of ligand-mediated nano-chemotherapeutics (Figure 5), various over-expressed internalization-prone receptors on tumor cell surface have been explored, which include, transferrin receptor, folate receptor, epidermal growth factor receptor (EGFR) and fibroblast growth factor receptor (FGFR). Besides this, internalization-prone receptors are also over-expressed in the cytoplasm and nucleus of the tumor cell namely, peroxisome proliferator-activated receptor γ (PPAR-γ). Similarly, in tumor microenvironments or tumor vasculature or endothelium of tumor neovasculature, overexpressed receptors include; VEGF receptor, ανβ3 integrin receptor, vascular cell adhesion molecule-1 (VCAM-1) glycoprotein and MMPs (Danhier et al., 2010).
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FIGURE 5. Different types of ligands for targeting nano-chemotherapeutics.



Literature cites that targeting ligands could also include monoclonal antibodies or antibodies, such as trastuzumab, bevacizumab, etaracizumab, Ibritumomab tiuxetan, denosumab, or antibody fragments such as fragment antigen-binding (Fab') or single-chain fragment variable (scFv). Surface functionalization using antibody and their fragments have paved way for immunotherapy in oncology. It is proposed that during functionalization use of fragments instead of whole antibody is more advisable to preclude the risk of antibody inactivation. Further, reduced size of the ligand has shown to minimize untoward immune response and promote effective targeted delivery. Besides this, non-antibody ligands, peptides such as endostatin, aptamers, small molecules such as folates, carbohydrates, affibody, and so on have also been explored. Widely known techniques of functionalization of nano-chemotherapeutics employ chemical interaction through covalent or non-covalent bonding between nanocarrier and functional group. For instance, in case of liposomes, functionalization may involve formation of amide bonds; disulfide bonds; thioether bonds or PEG-linkages (Riaz et al., 2018).

Using this strategy, endothelial cell receptor (such as integrin αvβ3) targeted ligand-nano-chemotherapeutics has been developed having the ability to perturb angiogenic vessels and tumoric cells. This approach has shown to enable bypass of biological tumor barriers, mitigation of drug resistance due to endothelial cells genetic stability, and generation of verstaile nano-chemotherapeutics having widespread application in several tumor types (Ji et al., 2013). Kibria et al. (2013) investigated the effect of size of arginine-glycine-aspartic acid peptide (RGD) pegylated liposome on the target specific delivery of DOX to integrin αvβ3-expressing tumor endothelial cells. The study was carried out for two size populations; average diameter ~100 nm (small size) and ~300 nm (large size) and marketed product Doxil® (~100 nm in diameter) in DOX resistant OSRC-2 (Renal cell carcinoma) tumor xenografts. The study results verified that the size of liposomes strongly influenced ligand-receptor interaction, internalization of liposomes into the cell and distribution in the tumor microenvironment. Despite the accumulation of Doxil® in the tumor cells, the marketed formulation failed to suppress tumor growth. Similarly, owing to extravasation of small-sized ligand-mediated and pegylated liposomes to tumor cells, there was lack of appreciable anti-tumor activity. Interestingly, large-sized ligand mediated and pegylated liposomes having minimized EPR effect demonstrated superior targeting to tumor endothelial cells via integrin αvβ3. Consequently, it exhibited anti-angiogenic activity on tumor vasculature and thereby reduced tumor growth. Babu et al. (2017) fabricated RGD-modified polylactic acid-co-glycolic acid-chitosan nanoparticles for integrin αvβ3 receptor targeted PTX delivery in lung cancer cells. The approach resulted in superior uptake via integrin receptor-mediated endocytosis, cell-specific delivery, elicited improved apoptosis, and induced G2/M cell cycle arrest.

Another approach involves inhibition of VEGF or VEGFR binding to regulate tumor angiogenesis and neovascularization (Ji et al., 2013). Feng et al. (2014) developed VEGF-targeted siRNA- (siVEGF) and PTX-loaded vapreotide-modified core-shell type nanoparticles for improved intracellular siRNA accumulation and VEGF down-regulation in human breast cancer MCF-7 cells as compared to non-ligand nano-chemotherapeutics. In vivo study results of ligand-based nano-chemotherapeutics demonstrated enhanced tumor tissue localization and efficient inhibition of tumor growth via siVEGF silencing induced neovascularization inhibition. In another study, siRNA- and DTX-loaded two receptor-specific peptides-modified liposomes [i.e., LDL receptor-related protein receptor (Angiopep-2) and neuropilin-1 receptor (tLyP-1)] were found to be having superior brain tumor targeting and tumor penetration (Yang et al., 2014). Shein et al. (2016) focused on studying the effect of VEGF- and VEGFR2-targeted liposomes for delivery of cisplatin to C6 and U-87 MG glioma cells. The drug and antibody-conjugated liposomes exhibited prolonged release in vivo, superior affinity to antigens and enhanced uptake by the glioma cell lines. Li et al. (2015) developed a human epidermal growth factor receptor-2 antibody-conjugated drug delivery system, using near-infrared (NIR) light-sensitive DOX-loaded liposomes and hollow gold nanospheres. These systems showed superior and specific binding and selective toxicity to human epidermal growth factor receptor-2-positive tumor cells. Combination of liposomes with NIR laser irradiation led to 92.7% tumor inhibition due to enhanced accumulation in tumors, which was further attributed to photo-thermal-chemotherapy. Furthermore, vascular cell adhesion molecule-1 (VCAM-1), an angiogenic factor and MT1-MMP, an enzyme, both expressed on the tumor endothelial cells in several tumor types are also considered as potential broad-spectrum targets for ligand-mediated nano-chemotherapeutics.

Hypoxia, a tumor condition characterized by overexpressing CA (e.g., their transmembrane isoforms which include CA IX and CA XII) in the tumor microenvironment (Mahon et al., 2015). Thus, the widely known approach to counteract this condition involves inhibition of CA activity. Stiti et al. (2008) developed CA inhibitor coated gold nanoparticles for combating hypoxic tumors by selectively inhibiting tumor-associated CA isoform IX over cytosolic isozymes I and II. For in vivo inhibition of transmembrane vs. cystolic isozymes, the researchers investigated the penetrability of sulphonamide inhibitors and CA inhibitors using red blood cells (RBC) as experimental model. Study results revealed higher diffusibility of sulfonamide inhibitors through the RBC membranes, while CA inhibitor coated gold nanoparticles showed membrane impermeability. This impermeable nature was found to be contributing factor for selective inhibition of CA IX expressing tumors. Similarly, Krall et al. (2014) developed a small molecule-disulfide-linked-drug conjugate for inhibiting CA IX expressed in renal cell carcinoma SKRC52. Herein, maytansinoid DM1 a chemotherapeutic conjugated to CA IX specific ligand, a derivative of acetazolamide showed enhanced internalization of chemotherapeutic agent and exhibited a potent antitumor effect. Lin et al. (2017) also surface functionalized triptolide-loaded liposomes with anti-CA IX antibody to target CA IX-positive human non-small cell lung cancer cells (A549) and A549 tumor spheroids, resulting in the efficient cell apoptosis as compared to free drug and non-targeted liposomes. In a study by Takacova et al. (2016), instead of surface functionalization, the scientists encapsulated the monoclonal antibody M75 into alginate microbeads and sodium alginate-cellulose sulfate-poly(methylene-co-guanidine) based microcapsules to knock down the CA IX expressed by tumor cells.

Cell-penetrating peptides (CPPs) mediated drug delivery has emerged as a promising strategy to deliver nano-chemotherapeutics through tissue and cell membranes either using an energy-dependent or -independent process. Generally, they are conjugated to nano-chemotherapeutics either via stable, non-covalent complexes or via covalent bond. However, they have limitations, some peptides lack stability as they are scavenged (especially, cationic peptides) by reticulo-endothelial system (RES) and also specificity deficient for cancerous cell targeting, leading to toxicity. To circumvent this issue, new generation multistage ligand-mediated nano-chemotherapeutics that are responsive to tumor microenvironment are designed, which are classified as follows: (a) activatable CPPs (ACPPs), (b) de-shielding systems, (c) “pop-up” systems, and (d) trojan-horse targeting systems (for detailed review, refer, Chen B. et al., 2017; Kebebe et al., 2018). In ACPPs, tumor microenvironment responsive materials are exploited to display CPPs either at lower pH or in presence of overexpression of ECM development-remodeling proteases, or in response to external stimuli of heat or light to a disease site (MacEwan and Chilkoti, 2013). Lee et al. (2017) synthesized poly-l-lysine-based pH-controllable CPPs which undergo pH-dependent conformational transition and display CPPs at the target site. It was reported that at physiological pH, the electrostatic attractions existing between carboxylate and protonated amine groups in side chain of CPPs contributed to its low helical tendency, thereby preventing unselective cellular internalization. However, in tumor acidic microenvironment, the helical conformation was attained enabling cell-penetrating properties at specific cancer sites (Lee et al., 2017). Zhang Y. et al. (2017) developed DOX- and vincristine-loaded liposomes, which were modified with 2 ligands, i.e., T7, seven-peptide ligand of transferrin receptors (TfR) and DA7R, d-peptide ligand of VEGFR 2 for efficient targeting to glioma. The dual peptide conjugated liposomes were capable of circumventing blood brain barrier and possess glioma-homing property due to the presence of the dual peptides. Singh et al. (2016) designed RGD-conjugated d-alpha-tocopheryl PEG 1000 succinate (TPGS) theranostic liposomes comprising of DTX and quantum dots, showing potential for brain tumor treatment and imaging. On similar lines, Chen Y. et al. (2017) developed PTX-loaded mixed micelles of vitamin E succinate-grafted-chitosan oligosaccharide/RGD-conjugated TPGS for human glioma U87MG tumor targeting. In addition to the earlier conventional nano-chemotherapeutics developed by Zhong et al. (2013), they developed multistage nano-chemotherapeutics by functionalizing the gold nanorod coated micelles with a cRGD ligand. This advancement overcome MDR effect by improving the tumor penetration of the active moiety (Zhong et al., 2014). Zhao et al. (2016) also developed tumor-specific DOX-loaded pH-responsive liposomes with peptide H7K(R2)2 as a targeting ligand.

Combining the benefits of ligand-mediated nano-chemotherapeutics with stimuli responsiveness, Zang et al. (2016) successfully developed a pH-sensitive cholesterol-Schiff base-PEG-modified cationic liposome-siRNA complex conjugated with recombinant humanized anti-EphA10 antibody. The study results revealed that the complex was able to escape from the endo-lysosomal organelle and release the active drug into cytoplasm, which was evident by in vivo studies, wherein the complex was able to target the tumor site. Similarly, Al-Ahmady et al. (2014) designed an approach combining the benefits of ligand-mediated response with tumor induced-hyperthermia. In the study, DOX-loaded thermo-sensitive liposomes were designed and conjugated with hCTMO1 monoclonal antibody (anti-MUC-1). Receptor-mediated cellular uptake and cytotoxic effects of antibody-targeted thermo-sensitive liposomes was observed in MUC-1 over-expressed breast cancer cells (MDA-MB-435), post-heating for 1 h at 42°C.

Other agents such as hyaluronic acid (HA), transferrin and aptamers have also been reported as ligands to confer nano-chemotherapeutics with tumor targeting ability. Zheng T. et al. (2017) developed negatively charged HA-coated silica nanoparticles loaded with two chemotherapeutic agents, candesartan, and trastuzumab. The ligand-mediated delivery system facilitated cell internalization of nano-chemotherapeutics within tumor cells of an ovarian cancer. In a study carried out by Han et al. (2014), they successfully developed surface-modified, co-encapsulated solid lipid nanoparticles containing green fluorescence protein plasmid and DOX for multifunctional delivery to lung cancer cells (human alveolar adenocarcinoma cell line-A549 cells). Transferrin-containing ligands were surface-coated on the vectors and the study results demonstrated superior lung cancer gene therapy. Qin et al. (2014) designed dual cyclic RGD peptide- and transferrin-conjugated PTX-loaded liposomes for targeting the blood-brain-barrier and targeting to brain glioma cell. Wang et al. (2015) successfully encapsulated MicroRNA-34a into a S6 aptamer-conjugated dendrimer to create lung cancer-targeted gene delivery nanoparticles. Aptamer-conjugated nano-chemotherapeutics improved cellular uptake and gene transfection efficiency of the dendrimeric nano-chemotherapeutics in cultured non-small cell lung cancer cells. The nano-chemotherapeutics also inhibited cell growth, migration, and invasion and induced apoptosis when compared to non-targeted nanoparticles, thus proving better systems for tumor targeting.

Redox-Responsive Nano-Chemotherapeutics

Redox potential, an intracellular stimulus, is the outcome of reduced glutathione concentration in extracellular space as compared to intracellular space, whose amplification causes cleavage of disulfide bond by glutathione leading to disassembly and degradation of nano-chemotherapeutics, followed by release of the chemotherapeutics (Figure 6) (Chen B. et al., 2017). Several researchers have designed nano-chemotherapeutics having disulphide bonds rendering them redox-responsive within tumor microenvironment. Sun et al. (2010) developed amphiphilic polyamide amine-g-PEG graft copolymer containing disulfide linkages which degraded in presence of reducing agent, dithiothreitol, leading to disassembly of micelles and complete release of chemotherapeutics within 10 h as compared to 25% release in 24 h. Wu L. et al. (2016) developed DOX-loaded zwitterionic nanoparticles comprising of dextran using succinic acid and crosslinked with cystamine which showed rapid internalization of Hela cells, making it suitable alternative to target tumor reductive environment. Similarly, Hou et al. (2016) fabricated HA-modified single-walled carbon nanotubes wherein the HA was further conjugated to DOX by disulphide bonds making the nano-chemotherapeutics sensitive to redox potential. Whereas, Lin et al. (2016) developed bioreducible DOX-loaded chitosan-based nano-chemotherapeutics with HA for production of intracellular glutathione-triggered reactive oxygen species and simultaneous release of chemotherapeutics. Shi et al. (2014) developed DOX-loaded star-shaped micellar system made up of amphiphilic co-polymer crosslinked with phenylboronic acid-functionalized reduction-sensitive amphiphilic co-polymer having tumor targeting ability. Yin et al. (2018) designed redox-responsive, estrogen-functionalized liposomes covalently tethered to biocompatible chotooligosaccharides, via disulphide links, for intracellular delivery to osteosarcoma MG63 cells. The liposomes demonstrated high drug loading with average diameter of ~110 nm which were capable of exploiting the EPR effect. These multifunctional liposomes showed immediate cellular uptake via estrogen-receptors followed by rapid drug release due to the reduction of disulphide bond by intracellular glutathione concentration. Maggini et al. (2016) explored the redox-mediated drug release by designing redox-responsive mesoporous organo-silica nanoparticles containing disulphide bridges inside glioma C6 cancer cells. Similarly, Wu M. et al. (2016) developed redox-sensitive huge pore-sized hollow mesoporous organosilica nanoparticles for concurrent delivery of P-gp modulator siRNA and chemotherapeutics for reversal of MDR effect of tumor cells. Koo et al. (2012) fabricated a multi-unit nano-chemotherapeutics i.e., core-shell-corona micelle comprising of redox-responsive shell-specific cross-links. The DTX-loaded core shell composed of poly(L-phenylalanine), while the mid-shell was made up of poly(L-lysine), providing the disulphide bonds for reductive cleavage by the intracellular glutathione and finally the PEG-based outer corona for enhanced systemic circulation of the nano-chemotherapeutics. Exemplifying the potentials of multi-unit nano-chemotherapeutics, Li et al. (2016) fabricated a pH-sensitive cluster nanoparticles combined with platinum prodrug-conjugated poly(amidoamine) dendrimers possessing multiple-trigger induced drug release in the tumor microenvironment. Herein, the various tumoral barriers were disrupted sequentially; the strategy involved tumor localization by promoting size-dependent extravastion of ~100 nm polymer-based cluster nanoparticles. Following which, the nanocarriers shrunk in size to ~5 nm platinum-linked dendrimer in response to acidic tumor microenvironment. This facilitated tumor penetration and cell internalization followed by rapid reduction of dendrimer-prodrug by the intracellular glutathione in the cytosol to release the chemotherapeutic agent. Similarly, Chi et al. (2017) designed PEG stabilized drug-loaded liposomes conjugated with cholesterol using reducible disulfide linkages wherein the cationic liposomes were coated with a CD44 sensitive ligand i.e., HA. The redox-sensitive liposomes showed 60% release of actives in presence of glutathione, when compared to the redox-insensitive liposomes. This multi-triggered concept provided CD44-mediated tumoral delivery with improved systemic circulation and cancer cell specific glutathione-triggered cytoplasmic release of chemotherapeutics.
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FIGURE 6. Redox responsive nanocarriers.



 Yang et al. (2016) also developed a dual-stimulus system, exploiting two-triggers, i.e. hyperthermia and reductive tumor microenvironment. The researchers fabricated thermosensitive liposome conjugated with Asparagine-Glycine-Arginine (NGR) peptide as ligand and reducible siRNA-CPPs for tumor-specific siRNA transfection in order to prevent CPP degradation and reduction of disulphide linkages, in vivo. In comparison to conventional siRNA-CPPs, the dual-stimulus nano-chemotherapeutics under hyperthermic condition showed 2-fold gene silencing efficiency and 3-fold higher antitumor activity in HT-1080 xenograft murine model. This dual responsive nature is well understood by a study carried out by Ghosh et al. (2009), wherein the researchers developed a supramolecular complex of cationic surfactant and anionic disulfide containing polyelectrolyte formed micelles having redox- and acidic pH-responsive attributes. The study ascribed the responsive nature to the micellar changes arising due to reductive disulfide bond cleavage-mediated conversion of polyvalent-to-monovalent interaction and acidic pH-mediated reduced electrostatic interactions between polymer and surfactant.

Enzyme-Mediated Nano-Chemotherapeutics

Over-expression of enzymes such as peptidases (e.g., aminopeptidase), proteases (e.g., MMP and cathepsin B), and lipases (e.g., phospholipase A2) by the stromal cells or tumor cells for their growth, angiogenesis, invasion and metastasis have paved way for developing enzyme-mediated nano-chemotherapeutics (Gullotti and Yeo, 2009; Chen B. et al., 2017). Roy et al. (2010) reviewed the use of different enzyme-responsive polymers in designing the nano-chemotherapeutics which are susceptible to enzymes overexpressed by tumor cells. Yamada et al. (2010) used the protease activity of MMP2 to selectively deliver PTX to tumor site. Two different prodrugs of PTX (i.e., PTX-2'AcG and PTX-7AcG wherein the 2'- and 7-hydroxyl groups were conjugated to C-terminus of glutamine of octapeptide) were found to be vulnerable to cleavage by the MMP2 at tumor site, to release PTX. In addition to this, the presence of octapeptide minimized the affinity of the drug to MDR1, thus abrogating MDR effect. Hatakeyama et al. (2007) developed an enzymatically cleavable PEG-peptide-lipid ternary conjugate based carrier of a gene for cancer therapy. The in vitro study showed that the MMP-sensitive liposomes exhibited superior gene transfection efficiency in overexpressed MMPs in comparison to MMP-insensitive liposomes. Similarly, Chau et al. (2006a,b), designed a dextran-peptide-methotrexate conjugate for tumor site specific release of chemotherapeutics in response to tumor-associated enzymes i.e., MMP-2 and MMP-9 via cleavage of peptide linkage. However, their study revealed a reduction in tumor growth by nano-chemotherapeutics containing MMP-sensitive and MMP-insensitive linkers as compared to chemotherapeutic alone. The probable reason cited for this anomalous behavior was the endocytic uptake of the conjugate prior to cleavage by the enzymes. Harnoy et al. (2014) synthesized enzyme-responsive amphiphilic hybrids containing linear PEG and a stimuli-responsive dendron with enzyme-cleavable hydrophobic end groups, with a potential to self-assemble in water as smart micellar nano-chemotherapeutics for encapsulation of hydrophobic chemotherapeutics. The hybrids accommodated phenyl acetamide as hydrophobic end groups cleavable by the enzyme penicilin G amidase, which on enzyme-induced degradation, resulted in the destabilization of micelles and formation of monomeric hydrophilic hybrids, with subsequesnt release of chemotherapeutics.

Another protease enzyme that is over-expressed in the extracellular tumor microenvironment by stromal, TAM and endothelial cells in tumors is Legumain, making it potential stimulus in targeting the tumor stroma. Ruan et al. (2016) successfully developed enzyme-responsive nanoplatforms that activated the accumulation of gold nanoparticles using legumain for improved localization of chemotherapeutics in brain tumors. Researchers designed a mixed surface decorated gold nanoparticles (i.e., AuNPs-A&C) comprised of Ala-Ala-Asn-Cys-Lys modified nanoparticles (termed as AuNPs-AK) and 2-cyano-6-aminobenzothiazole modified nanoparticles (termed as AuNPs-CABT). In presence of enzyme legumain, AuNPs-AK hydrolysed to expose 1,2-thiolamino groups, which further underwent click cycloaddition with contiguous cyano group on AuNPs-CABT, forming gold nanoparticle aggregates. These systems possessed enhanced retention capability in the tumor cell due to the inhibition of nanoparticle exocytosis and prevention of backflow into the systemic circulation. Using the similar concept, Xiao et al. (2017) developed an enzyme-induced size-changeable gold nanoparticles loaded with cediranib, a tumor vessel normalizing agent for breast cancer tumor imaging and therapy. Ruan et al. (2017) further explored dual-functional gold nanoparticles with enzyme-responsiveness and integrin αvβ3-ligand-mediated targeting. Liu Z. et al. (2014) fabricated a legumain protease-activated TAT-liposome, wherein the substrate for endoprotease legumain, alanine-alanineasparagine, was linked to the 4th lysine of TAT. The substrate was susceptible to breakage by legumain enzyme overexpressed in tumor microenvironment, leading to tumor targeting of liposomes to the desired site.

Hyaluronidase is another enzyme expressed 20–1000 times higher by the tumor cells having capability of degrading HA-coated nano-chemotherapeutics (Li and Xie, 2017). Yim et al. (2013) designed a PTX-loaded degradable cationic nanogel comprising of acetylated pullulan and low molecular weight polyethyleneimine. The cationic charge on the nanogel was restored by coating with HA, making it susceptible to degradation by the hyaluronidase in the tumor microenvironment. The HA-coated nano-chemotherapeutics showed enhanced tumoral permeation with a 2-fold increase in the amount of nanogel localized within the deep tissue regions when compared to non-HA systems. Zhang and Xu (2018) fabricated a bienzyme-responsive multifunctional envelope-type mesoporous silica nanoparticles in which the nanoparticles were first functionalized with HA for successful targeting to breast cancer cells and then exposing the system to hyaluronidase-induced intracellular release of chemotherapeutic. The outer layer of the nanoparticles contained a capping layer of gelatin, grafted via glutaraldehyde-mediated cross-linking. Further, in order to protect and prolong the systemic circulation of nanoparticles, they were pegylated. Post-administration, on exposure to the MMP-2 enzymes over-expressed by the cells, the gelatin was hydrolysed, de-shielding the PEG coating. This exposed the HA and led to hyaluronidase-mediated degradation of HA within the tumor microenvironment for successful drug delivery. In-order to explore the dual benefits of redox- and enzyme-responsiveness, Xu et al. (2015) developed DTX-loaded shrapnel nano delivery system. The nanocarrier system comprised of methoxy PEG-peptide-vitamin E succinate, a MMP-sensitive co-polymer, synthesized by conjugating PEG and vitamin E succinate using an enzyme-sensitive peptide. Further, drug-loaded PEG-disulfide-vitamin E succinate micelles were incorporated into PEG-peptide-vitamin E-based liposomes. This unique nanocarrier exhibited shrapnel structure with average particle size 113.3 ± 2.7 nm. These dual-responsive nano-chemotherapeutics were capable of inhibiting the metastasis and growth of breast cancer simultaneously.

CONCLUSIONS

Tumor microenvironment has been implicated in cancer growth and metastasis. With growing understanding of tumor, it is established that tumors grow in highly heterogeneous and complex microenvironment consisting of the ECM components, immune cells, vasculature, TAMs, and CAFs. Recent advancements pinpoints that the alteration of tumor microenvironment and its abnormal composition is an important strategy in curtailing cancer progression, invasion, and metastasis. With the advent of nanotechnology in drug delivery arena, newer approaches to tackle growing menace of cancer have evolved. However, the complexity of tumor microenvironment has shown to play a crucial, yet controversial role in regulating deeper tumoral penetration of nano-chemotherapeutics and subsequently, their biological effects. Tackling this obstacle, strategies have been designed using nanotechnology to overcome acquired resistance induced by tumor milieu either by targeting tumor vasculature or by altering the stromal properties or by exploiting the tumor chemical microenvironment.

Hence, nano-chemotherapeutics can alter the tumoral drug delivery by inducing pertubations in the tumor microenvironment. Thus, nanotechnology offers a versatile tool by enabling delivery of either single or combination of chemotherapeutics alongwith multiple targeting ligands to specifically target overexpressed receptors or enzymes or reductive environment, a common feature of tumor microenvironment. This approach confers target specificity thereby providing efficacious therapy with minimal adverse off-target effects. Besides this, the growing understanding of targeting tumor microenvironment using nanotools is paving way for designing combined strategy of therapeutics and diagnostics viz. nanotheranostics. With growing number of clinical trials on nanotherapy, different strategies combining nano-chemotherapeutics with radiotherapy and other allied therapies will translate into successful strategy for overcoming drug resistance.

Overall, it can be stated that nano-chemotherapeutics does hold promise in the early stages of cancer, as these highly multifunctionalized nanocarriers ensure delivery of chemotherapeutics either by exploiting EPR effect or tumor microenvironment. However, there still lies a challenge in translating this success from bench to bedside. As from a commercialization perspective, there is still a need for an in-depth stability and nanotoxicology studies to ensure regulatory compliance.
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Nowadays, the potential scope of nanotechnology in uro-oncology (cancers of the prostate, bladder, and kidney) is broad, ranging from drug delivery, prevention, and diagnosis to treatment. Novel drug delivery methods using magnetic nanoparticles, gold nanoparticles, and polymeric nanoparticles have been investigated in prostate cancer. Additionally, renal cancer treatment may be profoundly influenced by applications of nanotechnology principles. Various nanoparticle-based strategies for kidney cancer therapy have been proposed. Partly due to the dilution of drug concentrations by urine production, causing inadequate drug delivery to tumor cells in the treatment of bladder cancer, various multifunctional bladder-targeted nanoparticles have been developed to enhance therapeutic efficiency. In each of these cancer research fields, nanotechnology has shown several advantages over widely used traditional methods. Different types of nanoparticles improve the solubility of poorly soluble drugs, and multifunctional nanoparticles have good specificity toward prostate, renal, and bladder cancer. Moreover, nanotechnology can also combine with other novel technologies to further enhance effectivity. As our understanding of nanotechnologies grows, additional opportunities to improve the diagnosis and treatment of urological cancer are excepted to arise. In this review, we focus on nanotechnologies with potential applications in urological cancer therapy and highlight clinical areas that would benefit from nanoparticle therapy.
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INTRODUCTION

Urological cancers, which include cancers of the prostate, kidneys, and bladder, are an international public health problem. Minimally invasive surgical approaches are now the most common treatments for urological malignancies, although open radical nephrectomy was the most common treatment for non-metastasized lesions in the 1980s. Most prostate cancers, regardless of tumor size, are treated by laparoscopic nephrectomy (Rassweiler et al., 2013). In contrast, bladder cancer (BCa) is treated with different approaches depending on the stage of the cancer. Transurethral resection of bladder tumors (TUR-BT) is the first strategy for curing non-invasive bladder tumors, and Bacillus Cal-mette-Guérin (BCG) and chemotherapeutic agents are also widely used (Chen et al., 2015a). Many novel techniques for use in urological cancer have been developed in the past decade. For example, focal ablation using cryotherapy or radiofrequency (RF) is becoming more popular for small renal masses (Park et al., 2006; Lusch et al., 2013), and new methods, such as real-time peripheral temperature monitoring, are involved in establishing the efficacy of RF ablation (Leveillee et al., 2013). Similarly, in the treatment of prostate tumors, high-intensity focused ultrasound, a minimally invasive therapy, can be accurately targeted to a portion of the prostate gland and has been widely used for the treatment of prostate cancer (Crouzet et al., 2014). However, these traditional surgical therapies sometimes lack accuracy and have a high risk of complications, including tumor relapse (Kondylis et al., 2000). Moreover, the use of chemical agents may cause negative side effects in normal cells and could be associated with relapse.

Imaging of tumors can facilitate early diagnosis and influence patients’ treatment decisions. Computed tomography (CT), Positron emission tomography (PET), and magnetic resonance imaging (MRI) are traditionally used for detection of non-invasive malignancies. However, these traditional approaches have limited sensitivity and ability to provide specific and functional information on the disease (Wang et al., 2008).

Nanoparticles (NPs, size in nanometer range) are novel materials used that were initially used for invention of the scanning probe microscopy and the discovery of molecular structures (Menter et al., 2014). Different manufacturing methods and materials have enabled the production of NPs with various shapes and sizes. One nanometer (10-9 m) is the scale at which most biological molecules operate inside living cells; thus, NPs may have many applications in the field of medicine. NPs can accumulate in tumor tissues via the enhanced permeability and retention (EPR) effect; under certain circumstances, typically for tumors, the endothelial lining of the blood vessel wall becomes more permeable than in the normal state, allowing NPs to enter tumors (Ojha et al., 2017). NPs can be used for encapsulation of poorly soluble drugs, protection of therapeutic molecules, modification of their blood circulation and tissue distribution profiles, and facilitation of combination regimens commonly used in cancer therapy (Bertrand et al., 2014). Many types of NPs, including liposomes and other lipid-based carriers (such as lipid emulsions and lipid-drug complexes), polymer-drug conjugates, polymer microspheres, micelles, and various ligand-targeted products (such as immunoconjugates), are under various stages of development as drug delivery systems (Wang et al., 2008). Additionally, NPs play an important role in cancer diagnosis, and may have applications in the treatment of tumors (Figure 1). Contemporary cancer therapy, particularly with respect to drug delivery, has evolved from traditional methodology to new technology. Thus, nanotechnology-based combination drug delivery to tumor tissues has emerged as a potential effective strategy for cancer therapy.
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FIGURE 1. How different kinds of NPs applied in urological cancer diagnosis and therapeutics. Three types of NPs are listed for examples, liposomes, GNPs and polymeric NPs. With specific ligands modified on the surface, NPs show specifia targeting to the tumor cells via EPR effect. (A) NPs as imaging agents gather around tumor tissues then send and amplify detectable signals which are received subsequently. (B) NPs loaded with cytotoxic drugs arrive at tumor tissue, and then lead to tumor eradication. (C) In hyperthermia therapy, NPs absorbing heat energy induce a high temperature, causing focal cell death and preserve the circumambient normal tissue.



Nanotechnology has shown several advantages over widely used traditional methods. Different types of NPs improve the solubility of poorly soluble drugs and multifunctional NPs have good specificity toward prostate, renal and bladder cancers. Moreover, nanotechnology can also combine with other upcoming technologies and enhance the effectivity. As our understanding of nanotechnologies grows, opportunities to improve the diagnosis and treatment methods for urological cancer have also increased. In this review, we focus on nanotechnologies with potential applications in prostate, renal, bladder, and other urologic cancer. In each of these fields, we discuss various NP-based strategies for diagnosis as well as treatment. In addition, we provide future perspectives to highlight the requirement for further studies.

NANOTECHNOLOGY IN PROSTATE CANCER

Prostate cancer is one of the leading causes of cancer-related deaths among men (Siegel et al., 2018). Chemotherapeutic agents, such as docetaxel and paclitaxel, which are widely used for the treatment of prostate cancer, are not selective to cancerous tissues and can cause injury to normal tissues, leading to a low therapeutic index and even increasing drug resistance. Consequently, novel approaches are urgently needed for the development of improved therapeutic options for the management of prostate cancer, particularly with regard to inhibition of the proliferation of precancerous and malignant lesions and/or to improvement of the effectiveness of conventional chemotherapeutic agents. NP technology is being widely used in prostate cancer, both in diagnostic and therapeutic fields, providing a promising strategy for drug delivery; such approaches with NP technology can make up for the lack of specificity of traditional therapy. Emerging NP technologies use for imaging and therapy in prostate cancer will be discussed in this section, with the aim of highlighting novel advances in NP technology for applications in prostate cancer.

Imaging in Prostate Cancer

Magnetic resonance imaging and CT are two of the most critical and widely used methods for disease staging and diagnosis. In both methods, magnetic NPs (MNPs) can provide an encouraging solution as precursors for targeted contrast agents. MNPs in the form of superparamagnetic iron oxides (SPIOs) and ultrasmall SPIOs (USPIOs) have already been applied in clinical trials, with several advantages, including long blood-retention time, biocompatibility, and minimal biotoxicity (Feldman et al., 2008; Sun et al., 2008). Huang colleagues formulated new cationic lipid NPs containing SPIOs (L-SPIOs) to solve the problem of low efficiency of direct loading into cells and the cytotoxicity of SPIOs. The study used PC3 prostate cancer cells to test the efficiency of cellular uptake of these L-SPIOs, and the results showed that these L-SPIOs, which exhibited high loading efficiency, low cytotoxicity, and long-term imaging signals, are versatile image probes for cell tracking (Huang et al., 2009). Other metallic materials are also being developed. For example, Ghasemian et al. (2015) recently showed the potential applications of cobalt zinc ferrite NPs (CZF-MNPs) as a T2 contrast agent. In vitro, dimercaptosuccinic acid (DMSA)-coated or uncoated CZF-MNPs were incubated with PC3 or DU145 prostate cancer cells for 2 h at room temperature. Using a T2-weighted MRI system, researchers found that both uncoated and coated NPs were imported in PC3 and DU145 cells, resulting in a dramatic signal intensity reduction. In addition, the enhanced intensity observed using CZF-MNPs was similar to that of an equal amount of DMSA-coated CZF-MNPs, indicating that these particles were both suitable for T2 contrast enhancement (Ghasemian et al., 2015).

Photoacoustic imaging (PAI) is an emerging non-invasive imaging modality that combines the spectral selectivity of molecular excitation by laser light with the high resolution of ultrasound imaging. Some types of NPs, particularly gold NPs (GNPs), are designed for high photoacoustic contrast based on surface plasmon resonance (SPR) to enhance absorption (Agarwal et al., 2007; Yang et al., 2009). In addition to its apparent clinical safety and tolerability due to its physical inertness, gold can be used to synthesize NPs with very precise sizes, shapes, and surface chemistries at the nanoscale using simple techniques and relatively inexpensive reagents (Daniel and Astruc, 2004). A study demonstrated that PAI based on a targeted gold nanorod contrast agent could provide a clear anatomical view with targeted tissue highlighted in a contrasting color in LNCaP prostate cancer cells (Agarwal et al., 2007). The gold nanorods could be also used for detection of other lesions. Currently, GNPs are being used in several clinical trials as radiopaque markers that can be implanted into patients with prostate cancer for image-guided therapy (Kliton et al., 2014; Jorgo et al., 2017). The results showed that implantation had no apparent side effects, such as fever or infection, and none of the patients required analgesics after implantation, suggesting that GNPs could be potential imaging agents for use in clinic applications.

Molecular targets of prostate cancer, including prostate-specific antigen (PSA), prostate-specific membrane antigen (PSMA), and prostate cancer lipid antigen, are products of prostate cells and are used as potential NP targets (Cheng et al., 2012; Sanna and Sechi, 2012). Normal PSA immunoassays are often not able to detect PSA in the serum after radical prostatectomy due to the low sensitivity of the assays. However, using an extremely sensitive nanotechnology-based tool known as the “bio-barcode” system, the sensitivity of immunoassays has increased by 300-fold compared with that of commercial immunoassays, and the results of clinical studies have also confirmed these findings. This ultrasensitive technology is based on GNP probes decorated with DNA and antibodies that can recognize and bind to PSA when presenting at extremely low levels in blood samples (Thaxton et al., 2009). GNPs have also shown great efficiency and robustness as probes for sensing ultralow levels of PSA in patient serum samples. The limit of detection of the probe for PSA reached 32 fg/mL, which is more than two orders of magnitude lower than that of the conventional fluorescence probe and even lower than that of the GNP bio-barcode assay (330 fg/mL) (Liu et al., 2013). Many other nanomaterials, such as carbon nanotubes (Patra et al., 2015) and quantum dots (Brazhnik et al., 2015), which can detect PSA at low levels and do not harm the body or normal cells, are also being applied as sensors for detection of PSA.

Therapeutics in Prostate Cancer

In the clinical setting, prostate cancer can roughly be classified as localized, expansively localized, or metastatic. Localized cancer is thought to be curable, whereas metastatic cancer leads to androgen-independent progression and death within a few years (Salvador-Morales et al., 2009). Traditional methods include chemotherapy using chemopreventive agents and radical prostatectomy, and new methods, such as cryosurgery, radiation with conformal external beam radiation, and brachytherapy, have also recently emerged. However, current treatments for prostate cancer are not sufficiently reliable for targeting of neoplastic cells without damaging normal cells. Finding new ways to overcome the disadvantages of conventional therapy methods is necessary, and nanotechnology may provide one such relevant approach. Table 1 provides an overview of NPs that are promising for prostate cancer treatment.

TABLE 1. Overview of NPs designed for urological cancer treatments.
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Many studies have shown that natural products are potent chemopreventive agents in prostate cancer due to their considerable efficacy against tumor cells and low toxicity (Jeong et al., 2011; Sanna et al., 2013; Kumar et al., 2015). For example, a recent study on chrysophanol, a natural compound extracted from plants of the genus Rheum, using GNPs as carriers to improve its bioavailability and water solubility successfully showed that chrysophanol suppresses human prostate cancer progression at the molecular level (Lu et al., 2017). Molecular targeted cancer therapy mediated by NPs is a promising strategy to overcome the non-specific biodistribution and therapeutic index of conventional chemotherapeutic drugs. Importantly, PSMA-modified NPs have been developed as a powerful treatment for prostate cancer. By conjugating PSMA to NPs, the functional particles can have good selectivity and target drugs, such as natural products or other chemotherapeutic drugs, to diseased tissue. For example, a natural product isolated from green tea, (–)-epigallocatechin 3-gallate (EGCG) shows potent chemopreventive effects in in vitro and in vivo models of prostate cancer, and several clinical trials have been conducted to determine the ability of green tea extracts to prevent the development and progression of prostate cancer (Stuart et al., 2006). A recent study showed that EGCG may be beneficial in the early stages of prostate cancer. Sanna colleagues designed biocompatible polymeric EGCG-encapsulated NPs modified with PSMA to selectively deliver EGCG to prostate cancer cells. Experiments in vitro demonstrated that these novel NPs could lead to increased antiproliferative activity toward PSMA-positive prostate cancer cells, without affecting normal cell viability (Sanna et al., 2011). Similarly, by conjugating GNPs with an ONT-hybridized, PSMA-specific aptamer, a GC-rich duplex acting as a loading site for doxorubicin was formed. Kim et al. (2010) established multifunctional NPs for both prostate imaging and treatment. This novel NP bioconjugate not only enabled visualization of target-specific binding by silver staining and clinical CT scanning but also efficiently induced cell death in prostate cancer cells (Kim et al., 2010).

Gene therapy is an extensive method used for the treatment of prostate cancer. Generally, there are four main strategies for gene therapy: tumor-suppressor therapy, suicide gene therapy, immunomodulatory gene therapy, and anti-oncogene therapy. However, none of these approaches can be applied alone as therapeutic treatment due to the low specificity of cell targeting and inefficient gene transfer and expression (Djavan and Nasu, 2001). NPs are widely used in anti-oncogene therapy to overcome these problems, and many studies have used nanodelivery systems to enhance the activities of oncogene inhibitors. For example, 25-OCH3-PPD (GS25) is a natural inhibitor of the MDM2 oncogene, which can be amplified and/or overexpressed in prostate cancer. When loaded with polyethylene glycol-poly(lactic-co-glycolic acid) NPs, GS25 showed enhanced anticancer efficacy in vitro and in vivo without inducing toxicity and exhibited improved uptake in cancer cells (Voruganti et al., 2015). MicroRNAs are commonly used as tools in gene cloning to induce post-transcriptional gene silencing. Some studies have shown that GNP-based nanocarriers (Ekin et al., 2014) and prostate cancer-targeted polyarginine-disulfide linked polyetherimide (PEI) nanocarriers (Zhang et al., 2015) can promote miR-145 delivery into prostate tumors.

Magnetic fluid hyperthermia (MFH) is another promising method of prostate cancer treatment using biocompatible MNPs injected directly into superficial or deep-seated tumors and consecutively heated in an alternating magnetic field (Johannsen et al., 2010). Because tumor cells have a lower heat tolerance than normal cells, increasing the temperature to 40–43°C by hyperthermia (HT) can lead to tumor cell necrosis and apoptosis. MNPs play an important role in this novel therapy due to the excellent power absorption capabilities of magnetic fluids in a magnetic field (Jordan et al., 1993). A prospective clinical study investigated MFH as a monotherapy used in patients with locally recurrent prostate cancer and showed that this approach was feasible and well-tolerated; additionally, deposition of NPs in the prostate was highly durable (Johannsen et al., 2005a, 2007a,b). Recent studies have shown that HT combined with radiotherapy (RT) may be effective for the treatment of prostate cancer (Hurwitz et al., 2011; Datta et al., 2015), and MFH can effectively enhance RT, leading to significant growth inhibition in mouse models of human prostate cancer (Johannsen et al., 2005b; Attaluri et al., 2015).

In addition to MNPs, GNPs have also shown several advantages in HT therapy, including good biocompatibility. In a study of the influence of different physical characteristics (shape, size, surface properties, and concentration) of GNPs on cellular uptake, adsorption of proteins, and toxicity in PC3 human prostate cancer cells, size-dependent uptake and negligible toxicity were observed (Arnida et al., 2010). Similar to HT therapy, thermal ablative energy causes necrosis of target tissues by inducing a high temperature, leading to focal cell death and preserving the circumambient normal tissue (Sanna et al., 2011). Studies using systemically administered non-targeted NIR-activatable gold nanoshells for thermal ablation of tumors date back to the early 21st century; however, very few reports have documented its utility in the treatment of prostate cancer (Krishnan et al., 2010). Stern et al. (2007) studied gold nanoshell-mediated photothermal ablation of prostate cancer cells and found complete loss of cell viability while maintaining intact cellular morphology. A subsequent study evaluated the efficacy of laser-activated gold nanoshell thermal ablation for eradicating prostate cancer in vivo and compared the therapeutic efficacies of two doses of gold nanoshells (7 and 8.5 μL/g body weight). The results demonstrated that the low concentration of gold nanoshells arrested cell growth, whereas the high concentration of gold nanoshells dramatically decreased tumor volume (93% tumor necrosis and regression) within just 1 week (Stern et al., 2008). Other applications of GNPs are also being investigated. For example, genetically modified phages (with both gold-binding peptide and PC3-binding peptide) were induced to attract GNPs to form a cluster, enabling stable maintenance of cell-targeting functionality and killing of the targeted prostate cancer cells within a short time. The prostate cancer cells were killed more efficiently and selectively than non-GNP-treated cells (Oh et al., 2015).

NANOTECHNOLOGY IN RENAL CANCER

Renal cell carcinoma (RCC) is not a single entity, but includes a group of tumors with a highly heterogeneous epithelium originating from the renal tubules. There are three dominant histopathological types of RCC: clear cell (65%), papillary (15–20%), and chromophobe (5%) (Bouchelouche, 2016; Yuan et al., 2016). RCC is the third most common urinary system cancer, with an incidence rate of about 5–10 cases per 100,000 people, and accounts for 2–3% of all malignant tumors (Xu et al., 2010). Although chemotherapy is one of the main modes of cancer treatment, its effectiveness is limited by drug resistance. For example, sunitinib is currently the standard first-line treatment for advanced RCC, and patient inevitably become resistant to sunitinib treatment (Yang et al., 2017). In addition, the clinical outcomes in patients with RCC remain poor. Therefore, rapid development of nanotechnologies may improve therapeutic strategies for the diagnosis and treatment of RCC (Yang et al., 2017).

Imaging in Renal Cancer

Pinpoint imaging of RCC is one of the main issues for the diagnosis, staging, and clinical treatment of patients (Bouchelouche, 2016). In current oncology, a series of NPs for diagnostic assays have been developed, and these NPs are commonly used as contrast agents for MRI and CT imaging (Sanna et al., 2011; Williams et al., 2016).

Lu et al. (2014) conjugated the monoclonal antibody G250 and SPIO into molecular MRI probes for the in vitro detection of clear cell RCC (ccRCC) using a 3.0-Tesla MRI. An in vitro MRI study of ccRCC and control cells confirmed that the fabricated mAb G250-SPIO nanoprobe could be used as a specific marker for ccRCC cells (Lu et al., 2014). Moreover, the nanoprobe could be easily conjugated with other antitumor drugs and imaging materials to achieve multimodal imaging and diagnostic treatment integration. For example, the combination of Cy5-labeled glycosylated bleomycin (Yu et al., 2013; Bhattacharya et al., 2014) and the nanoprobe may provide a new direction for the design of novel tumor imaging and therapeutic agents. Besides, GNPs or quantum dots as imaging materials (Mieszawska et al., 2013; Zrazhevskiy and Gao, 2013) could also be developed with the mAb G250 nanoprobe to promote highly multiplexed parallel staining, resulting preferable imaging.

Many studies have demonstrated that the diagnosis of RCC can be performed by multifarious NP imaging. However, urologists are often faced with imaging dilemmas, including lack of definitive answers in clinical practice during the diagnosis of RCC histology (Farber et al., 2015). In addition, whether contrast-enhanced imaging of RCC has any side effects in patients is worth considering. We expect to see a growing number of nanotechnologies to fill technological gaps in the diagnosis and treatments of RCC.

Therapeutics in Renal Cancer

Nanomedicine strategies may be more effective than other strategies for controlling drug delivery and release. Due to the high porosity of the tumor vasculature, impaired lymphatic drainage, known as the enhanced permeability and retention effect, or the high affinity of the NPs for markers specifically expressed on cancer cells can result in easy accumulation at the tumor site. Therapeutic nanotechnology focuses on the utilization of photothermal-based ablative energy, which is sent to the targeted lesion by activating various types of NPs (Sanna et al., 2011). Typical nanomedicine delivery vehicles include liposomes, polymeric NPs, nanoshells, and MNPs (Table 1).

Many preclinical studies have examined liposomal strategies for drug delivery in RCC; however, only a few clinical studies have been conducted (Williams et al., 2016). Polyethylene glycol (PEG)-ylated-liposomal doxorubicin (Doxil) was used for the treatment of patients with intractable RCC in a phase II clinical trial. The results showed that Doxil was ineffective in patients with RCC, although slightly toxic side effects were observed (Skubitz, 2002). Liu et al. (2015a,b) systemically estimated the in vitro applicabilities of several drugs as delivery systems for the treatment of RCC, including sorafenib-loaded poly(lactic-co-glycolic acid) (PLGA) NPs, 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes, and hydrophobically modified chitosan (HMC)-coated DPPC liposomes. The results showed that sorafenib-loaded PLGA NPs and HMC-coated DPPC liposomes could apparently kill more RCC cells than sorafenib alone at lower concentrations. Moreover, XL184 liposomes counteracted tumor activity by inhibiting the phosphorylation of Met, AKT, and mitogen-activated protein kinase pathways in RCC cells (Kulkarni et al., 2016). The above studies indicated that liposomes may have applications in multikinase pathway inhibition as a prospective treatment for RCC.

Folic acid-modified poly(ε-caprolactone)-pluronic-poly(ε-caprolactone) grafted isophorone diidocyanate-PEI (FA-PEAs) was developed as a low-toxicity carrier to transfer Von Hippel-Lindau (VHL) plasmids to treat mice in an RCC model. Johnson et al. (2010) found that the mean tumor volume in FA-PEAs:VHL-treated mice was decreased about 30% compared with that in the control group. Due to the limited expression of folate receptors on healthy cells and overexpression in RCC, FA-PEAs:pVHL complexes could specifically bind to the cell surface via a ligand–receptor incorporating mechanism (Sudimack and Lee, 2000). Thus, the FA-PEAs:VHL complexes could be released into the cytosol through endocytosis to exert therapeutic effects.

Currently, sunitinib is the standard first-line drug for RCC; however, patients inevitably develop resistance to this drug, leading to therapy failure and poor prognosis (Joosten et al., 2015; Stone, 2016). Therefore, new therapies are needed to improve treatment outcomes in patients with RCC. The rapid development of nanotechnology has provided emerging techniques for the treatment of drug-resistant RCC. Yang colleagues demonstrated that cuprous oxide NPs can markedly inhibit RCC tumor growth with minimum renal toxicity in vitro and in vivo, thereby reversing sunitinib resistance. The mechanism may involve the downregulation of copper chaperone proteins antioxidant 1 copper chaperone and copper chaperone for superoxide dismutase in RCC cells, influencing copper trafficking to the endoplasmic reticulum and mitochondria and thereby initiating endoplasmic reticulum stress and mitochondrion-mediated apoptosis by activating caspase-3, caspase-9, and caspase-12 (Yang et al., 2017). In addition, cell cycle and apoptosis regulator 1 functional mimetic compounds (CFMs) inhibit cell growth by inducing apoptosis in various cancer types, even drug-resistant cancer (Muthu et al., 2015). Cheriyan et al. (2017) found that CFM-4.16 had strong inhibitory effects on parental and everolimus-resistant RCC cells. Because of the poor aqueous solubility of CFM-4.16, it was encapsulated in PEGylated vitamin E-based nanomicelles generating water-soluble formulations with higher drug loading (30% w/w). The findings of this study suggested that CFM-4.16 nanomicelles inhibited the viability of parental and everolimus-resistant RCC cells in vitro and suppressed the growth of RCC cell-derived xenografts (Cheriyan et al., 2017).

The use of PEG-conjugated antibodies attached to nanoshells guarantees biocompatibility for drug delivery to tumor cells. Pannerec-Varna et al. (2013) developed large PEGylated gold nanoshells with distribution in the different cellular components of human renal cancer. The distribution kinetics progressed from intravascular flow at 30 min to intratumoral cells 24 h later, and no toxicity was detected in mice with PEGylated gold nanoshells at 6 months. This novel research provided important insights into the use of large PEGylated gold nanoshells by optimizing the time of targeted hyperthermia or topical drug delivery to carcinoma cells (Pannerec-Varna et al., 2013). Additionally, new studies have shown that diverse tumor types can be evaluated preclinically and clinically using CRLX101, an NP-drug conjugate containing camptothecin conjugated to a biocompatible cyclodextrin/PEG copolymer (Gaur et al., 2014; Lin C.J. et al., 2016). CRLX101 in combination with bevacizumab has been assessed in a phase I trial of mRCC treatment (NCT016259361), and the initial data indicated that CRLX101 combined with bevacizumab was an adequate therapy in mRCC. The strategy of using biodegradable polymer NPs to control the delivery of medicines for multiple types of cancers has become feasible, although the therapeutic effects of these biodegradable polymer NPs in RCC are unknown (Schroeder et al., 2012; Devulapally and Paulmurugan, 2014). Nevertheless, Abraxane (albumin NPs conjugated to paclitaxel) was well-tolerated for the treatment of metastatic urothelial carcinoma and showed tumor responses in 27.7% of patients, revealing that this strategy may be a valid second-line treatment (Ko et al., 2013).

Gold NPs can be used in cancer treatment due to their remarkable compatibility, tunable stability, and low toxicity. Moreover, GNPs are often used in photodynamic therapy (PDT) by generating heat to kill tumor cells (Cabuzu et al., 2015). Nikzad et al. (2017) assessed the effects of treatment of RCC with RF radiation in the presence of GNPs. Human embryonic kidney cells were subjected to various tests in the presence of RF and GNPs. In vitro MTT assays showed that cell viability was dramatically reduced in the RF-treated groups in the presence of GNPs compared with that in the control group. Thus, this method may be suitable for the treatment of RCC, providing a new method for alternative nephrectomy (Nikzad et al., 2017).

Sreekanth et al. (2016) used sulforhodamine B assays and two-color flow cytometry analysis to test the toxic effects of CdO nanostructures on Madin-Darby canine kidney epithelial cells (MDCK cells) and Caki-2 human renal cancer cells. Compared with normal cells, CdO had significant cytotoxic effects on MDCK and Caki-2 cells. Thus, CdO could inhibit the growth of tumor cells and may be an effective drug for the treatment of RCC (Sreekanth et al., 2016).

Burke et al. (2009) confirmed the heating effects of treatment with multiwalled carbon nanotubes (MWCNTs) through magnetic resonance temperature-mapping and heat shock protein-reactive immunohistochemistry. The results showed that the use of MWCNTs could ablate tumors with low laser power and reduce treatment times, with minimal local toxicity and no significant systemic toxicity (Figure 2). MWCNTs are thermal ablation agents that can lead to long-term survival in tumor-bearing mice, which indicates that the combination of MWCNTs and laser may be a promising method for the treatment of RCC (Burke et al., 2009).


[image: image]

FIGURE 2. Multiwalled carbon nanotubes (MWCNTs) ablate tumors. Tumor-bearing mice were injected intratumorally with 50 μL of treatment solution containing 100, 50, or 10 μg of MWCNTs (Burke et al., 2009). Tweety-four hours after the injection, they were irradiated with a 1,064-nm NIR laser for 30 s (3 W/cm2; spot size, 5 mm). In the presence of the laser, MWCNTs increased intratumoral temperatures to a level sufficient to induce tumor ablation, resulting the long-term survival in tumor-bearing mice.



Recently, because of the low frequency of mechanical effects on cancer cell membranes, some original approaches have been developed to eradicate cancer cells. A study on human renal cancer cells with superparamagnetic-like particles was conducted by Leulmi et al. (2015), who confirmed that apoptosis could be achieved by the vibration of MNPs attached to cancer cells. With regard to the invasiveness of the treatment, magneto-mechanical stimulation is superior to magnetic hyperthermia and is easy to put into practice (Drexler, 1986).

NANOTECHNOLOGY IN BLADDER CANCER

Bladder cancer is the seventh most commonly diagnosed cancer in the male population worldwide (Babjuk et al., 2017), and can be divided into non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC) according to the pathologic stage (Jiang et al., 2015). At diagnosis, approximately 75% of patients with BCa present with NMIBC (Babjuk et al., 2017). The most common method for detection of NMIBC is standard white light cystoscopy; however, it is difficult to detect flat lesions and differentiate benign from malignant lesions. TUR-BT, as the gold standard for primary treatment for NMIBC, frequently leads to tumor relapse. To prevent recurrence, various medicines, including BCG and mitomycin C, have been used extensively through intravesical instillation as adjuvant therapy after TUR-BT. However, these treatments can cause septicemia, disseminated intravascular coagulation, and multiple organ failure because of severe toxicity (Lodde et al., 2014). Therefore, more advanced diagnosis and therapies are needed (Table 1).

Imaging in Bladder Cancer

For the detection of NMIBC, fluorescent or photodynamic diagnosis has been developed as an improvement for contemporary white light microscopy. Photosensitizers, such as hexaminolevulinate, are used in fluorescence cystoscopy and are preferentially absorbed by cancer cells, resulting in a red appearance in comparison with surrounding tissues. Although these compounds exhibit high sensitivity, they may show low specificity, particularly after BCG therapy (Ray et al., 2010). Previous studies have shown that nanotechnology can enhance the specificity of photosensitizers to tumor cells and improve the identification of cancer by increasing the uptake of NPs within tumor cells (Olivo et al., 2012; Yan et al., 2013). Recently, Lin T.Y. et al. (2016) developed a multifunctional nanoporphyrin called PLZ4-nanoporphyrin (PNP) due to its coating with the BCa-specific ligand PLZ4. PNP displays the ability to preferably emit fluorescence/heat/reactive oxygen species upon illumination with near infrared light, allowing the fluorescence signal of PNPs to efficiently and selectively increase in BCa cells.

As metal NPs, GNPs can be modified with functional groups by being combined with ligands, antibodies, and other medicines (Cheng et al., 2014). Due to its characteristic SPR signal according to the distance of NPs, GNPs can modify protein molecules and particular nucleic acids to show different colors (Larguinho and Baptista, 2012). Because of SPR, colloidal GNPs are red in color and can be 4–5 orders of magnitude larger than the traditional dye in absorption and scattering cross-sections (Azzazy et al., 2006). These properties can be used to develop easier and faster methods for diagnosing diseases. When GNPs aggregate, their color changes from red to blue due to a second phenomenon known as plasmon-plasmon transfer (Huang and El-Sayed, 2010). The rationale is that GNPs are stabilized by the adsorption of single-stranded DNA through their nitrogenous bases, preventing the salt-induced aggregation of GNPs and keeping the solution red in color. In contrast, the repulsion between the GNP surface and double-stranded DNA (dsDNA) prevents dsDNA from adsorbing to the NP surface (Li and Rothberg, 2004, 2005); because of this, GNPs are not protected from salt-induced aggregation, and the color of the solution turns blue.

Based on these phenomena, Eissa et al. (2014) have developed colorimetric GNP assays to detect unamplified hepatoma upregulated protein RNA (HURP RNA) in urine directly for BCa diagnosis. The principle is shown in Figure 3A. Briefly, the purified HURP RNA was mixed with hybridization buffer containing NaCl and a specific oligotargeter. After denaturation and annealing, hybridization between the oligotargeter and the HURP RNA occurred, and the added GNPs were aggregated without the protection of the oligotargeter. The solution color then shifted from red to blue. If there was no HURP RNA in the samples, the GNP surface was fully adsorbed with the oligotargeter, and the solution color remained red. Using this sensitive and non-invasive assay, BCa could be detected at an early stage, making it possible to begin treatment earlier and achieve better therapeutic effects. In another study, GNPs were also developed for rapid and sensitive detection of urinary hyaluronidase (HAase) activity (Nossier et al., 2014). The charge interaction between polyanionic hyaluronic acid (HA) and cationic GNPs stabilized with cetyl trimethyl ammonium bromide can lead to the formation of gold aggregates and a red to blue color shift. After the enzymatic reaction of HAase, the polymeric HA is degraded into small fragments that cannot aggregate GNPs (Figure 3B). Similarly, the developed cationic GNP assay was used for qualitative detection of urinary HAase activity (a urinary marker of BCa) in patients with bladder carcinoma by detecting the absorption ratio (A530/A620) of the reacted GNP solution, which showed a better sensitivity (82.5%) than that of zymography (Nossier et al., 2014).


[image: image]

FIGURE 3. The principle of NP-based diagnosis of BCa. (A) MNPs and GNPs used in purifying total RNA to obtain HURP RNA. (a) MNPs functionalized with oligonucleotide sequences specific for HURP RNA were added followed by mixing with hybridization buffer which contained NaCl, and HURP specific oligonucleotide with purified HURP RNA. After denaturation and annealing, the negatively charged GNPs were added and in the presence of HURP RNA, hybridization occured between the oligotargeter and the HURP RNA, and the solution color shifted from red to blue due to salt-induced aggregation of GNPs. (b) Without HURP RNA, GNPs would not aggregate and the solution color remained red because the oligotargeter remained adsorbed onto the surface of the GNPs. (B) Cationic GNPs directly detected HAase activity. (c) The charge interaction between polyanionic HA and cationic GNPs can lead to the formation of gold aggregates and at the same time a red to blue color shifted. (d) Under conditions of high HAase concentration, the enzyme and HA binds electrostatically even at a 0-min incubation time at 37°C, no aggregation occurs when the GNP solution is added, and the solution remains red in color. (e) At low concentration conditions, enzymatical reaction at 37°C for a period of time could lead to the enzyme molecule digest HA into small fragments, resulting in the failure of GNPs aggregation.



Nuclear matrix protein 22 (NMP22) is a monitoring tool for predicting the recurrence/clearance of BCa and for screening undiagnosed individuals who have symptoms or are at risk for the disease. Lee colleagues demonstrated a novel strategy to sense NMP22 in urine samples by using a sensing element comprised of molecularly imprinted polymers (MIPs) to specifically recognize NMP22 molecules. In this study, zinc oxide nanorods were hydrothermally grown on the sensing electrodes to increase the surface area to be coated with MIPs and therefore enhance the electrochemical response (Lee et al., 2016).

Therapeutics in Bladder Cancer

Liposomes as carriers of molecules, such as small-molecule cytotoxic agents (Guhasarkar et al., 2017), nucleotides (Cuomo et al., 2013), and proteins (Vila-Caballer et al., 2016), have also been developed for BCa therapy. To improve the poor solubility and enhance the efficiency of the cell wall skeleton (CWS) of BCG, Nakamura’s group encapsulated the CWS of BCG within liposomes (Nakamura et al., 2014). Recently, they modified cationic liposomal surfaces with cholesteryl-PEG to overcome urine aggregation and promote cellular uptake into cancerous urothelial tissues (Nakamura et al., 2017). Liposomes can be also used to envelop small interfering RNA (siRNA) silencing oncogenes or other tumor-related genes for the prevention or treatment of BCa. Cui et al. (2015) adopted two newly developed PEGylated cationic liposome carriers (PCat, PPCat) for delivering survivin siRNA (siSurvivin) and enhancing the activity of mitomycin C in human BCa cells. A fusogenic lipid was used in both carriers to destabilize the endosomal membrane, and PPCat further contained paclitaxel to enhance the in vivo delivery and transfection of siSurvivin.

Several studies have shown that polymeric NPs as drug carriers have great promise in the treatment of BCa (Huang et al., 2012; Yan et al., 2013). To utilize polymeric NPs as carriers, the polymers must have a biodegradable structure and show changes in composition to carry a specific drug to a specified location to achieve targeted drug delivery. The improved polymeric NPs also need to be less expensive, easier to synthesize, and non-immunogenic. One of the most widely used polymeric NPs is PLGA NPs, which show outstanding biocompatibility, biodegradability, ability to be modified with polymers and peptides (Cu et al., 2011), and ability to facilitate controlled release of loaded drugs (Hua et al., 2014). Martin et al. (2013) designed PLGA NPs loaded with belinostat, a histone deacetylase inhibitor, for BCa treatment. PLGA NPs were surface modified with a novel cell penetrating polymer, poly(guanidinium oxanorbornene). The results showed that intracellular uptake was also enhanced significantly and tissue penetration ability was improved by 10-fold in intravesically treated mouse bladders and ex vivo human ureters. In a subsequent study, researchers used a low-molecular-weight (2.5 or 20 kDa) positively charged mucoadhesive polysaccharide, chitosan, to modify the surface of PLGA NPs in order to deliver siSurvivin to the BCa cells (Martin et al., 2014). These surface-modified PLGA NPs could not only cross the urothelium and target the exact tumor site but also load a large number of siRNAs.

Protein NPs have been used as drug carriers in the treatment of many cancers (Lee et al., 2017; Palchetti et al., 2017). Using proteins as carrier materials in vivo may solve enzyme-induced degradation problems, reduce the effects of drug toxicity, and offer good biocompatibility compared with other types of materials, such as metals. The production of urine during treatment leads to dilution of the drug concentration used for intravesical instillation, resulting in the failure of intravesical treatment of NMIBC. However, studies have found that the use of paclitaxel-gelatin NPs can solve the problem of drug dilution by newly produced urine through constant drug release and that achieving a constant drug concentration can reduce the frequency of treatment. For example, paclitaxel-loaded gelatin protein NPs have been developed to improve the delivery and retention properties of paclitaxel in intravesical therapy against BCa (Lu et al., 2011). Compared with docetaxel, NP albumin-bound paclitaxel (Nab-paclitaxel) has been shown to have increased solubility and lower toxicity in systemic treatment, and minimal toxicity and systemic absorption were demonstrated in the first human intravesical phase I trial (McKiernan et al., 2011). Phase II trials have shown that Nab-paclitaxel is well-tolerated in patients with pretreated advanced urothelial cancer and has a good tumor response (Ko et al., 2013). These results have highlighted the potential applications of Nab-paclitaxel in cancer treatment.

Recently, novel MNPs coated with three broad-spectrum lectins, namely concanavalin A (ConA; MNP@ConA), wheat germ agglutinin (WGA; MNP@WGA), and Sambucus nigra (SNA; MNP@SNA), have been developed to selectively capture glycoproteins from the urine of patients with different types of BCa (Azevedo et al., 2018). In this case, lectins were used for targeting glycan moieties in cancer-associated glycoproteins, indicating the possibility of targeting local release of drugs.

The optical properties of SPR are used to assist laser-induced thermotherapy in plasmonic photothermal therapy (PTT) with GNPs to enhance the effects of target therapy (Nergiz et al., 2014), avoiding damage to neighboring normal tissues because of the hyperthermic state induced by the relatively low laser power. Chen et al. (2015b) showed that GNPs require only half the laser power of regular laser treatment, and Cheng et al. (2009) demonstrated that silica-Au nanoshells, Au/Ag nanospheres, and Au nanorods modified with tumor targeting antibodies, such as anti-epidermal growth factor receptor and anti-epidermal growth factor receptor 2 antibodies, were internalized by tumor cells, resulting in photothermal-induced death of BCa cells in vitro. Among the three types of nanomaterials, silica@Au nanoshells require a minimum number of particles to produce effective photodestruction. In contrast, PDT is also a promising strategy for BCa therapy, involving the use of photosensitizers, which are usually large cyclic compounds, such as porphyrins, chlorins, and phthalocyanines. These substances will produce free radicals when exposed to near infrared or visible light. However, the products currently on the market have quite a few limitations, including specific differences in the ability to act on the tumor alone (Juarranz et al., 2008). In a recent study, Long et al. (2018) designed a novel multifunctional nanoporphyrin platform loaded with the heat-shock protein 90 inhibitor 17AAG (NP-AAG) and found that bladder tumors could be synergistically eradicated with a single intravenous injection of NP-AAG followed by multiple light treatments within 7 days.

NANOTECHNOLOGY IN OTHER UROLOGICAL CANCER

Other urological carcinomas have received limited attention with regard to nanotechnology applications. Feldman et al. (2008) conducted a preliminary study of the potential of USPIOs for accurate detection of lymph node metastases of penile and testicular cancers through lymphotropic NP-enhanced MRI. Patients with penile carcinoma underwent a pelvic MRI after using USPIOs. The results showed that better sensitivity, specificity, and accuracy could be obtained by comparing conventional imaging techniques, suggesting that the pathological status of local lymph nodes could be accurately predicted by MRI in patients with penile cancer (Tabatabaei et al., 2005; Mueller-Lisse et al., 2008; Hughes et al., 2009). Similarly, a prospective pilot study examined the use of lymphotropic NP-enhanced MRI to detect lymph node metastasis in patients with testicular cancer after injection of USPIOs. The data suggested that USPIOs greatly improved the specificity and sensitivity of accurate lymph node metastasis diagnosis (Harisinghani et al., 2005).

FUTURE PERSPECTIVES

Despite the use of nanotechnologies with tremendous potential for the detection, diagnosis, and treatment of urological cancers, more studies are still required. First, safety profiles must be studied in detail because of insufficient knowledge regarding the biocompatibility of nanocarriers. The safety of GNPs and gold nanoshells has been widely evaluated in preclinical trials, and full clinical trials are still underway for many of these materials. USPIOs have been under continued scrutiny, and ferumoxtran-10 is currently entering phase III clinical trials in Europe (Daldrup-Link, 2017). Additionally, iron-oxide NPs have been approved as an MRI contrast agent by the US Food and Drug Administration (Wang et al., 2014). A database on health risks linked to different types of NPs should also be established according to different pharmacokinetic behaviors. Second, additional research into the design and development of NPs with multiple functions (single or dual imaging, targeted therapy, and combination therapy) is needed. Moreover, the development of multifunctional NPs loaded with targeted agents may eventually be permitted for both PTT and targeted therapy to achieve simultaneous detection and treatment of urological cancer. Third, a widely used and well-accepted dosimetry model is needed to estimate the NP concentration in tumors of interest. Dosimetry formulations have been used to guide radiation therapy, but not for PTT because of the uneven distribution of particles and the effects of tissue physiology. Thus, further studies are required to establish such formulas. Lastly, in the future, more studies are needed to examine the environmental influence of manufactured NPs, which are deliberately produced with specific properties; these NPs have been shown to enter air, water, and soil from a range of routes (Kumar et al., 2012). Thus, there is an urgent need for the development of safety guidelines for NPs.

CONCLUSION

During recent decades, many efforts have been made to combine novel technologies and conventional methods to combat cancer. The potential applications of nanotechnology were reviewed in this article. Nanotechnologies are promising tools to enhance the specificity and sensitivity of both the diagnosis and treatment of cancer and have been shown to have several feasible applications in urological cancer. Many studies and clinical trials have demonstrated that NPs can overcome the limitations of current medical approaches. Various metallic nanomaterials are used as contrast agents for MRI and CT imaging, providing a higher probability of detecting early urological cancer. The excellent photothermal properties of GNPs have led to their extensive application in imaging. Moreover, by application in HT therapy and thermal therapy, GNPs have shown potential to generate heat more efficiently. In contrast, many researchers have clearly demonstrated that NPs are ideal candidates for drug delivery systems because of their special size and are able to combine the benefits of drug delivery systems with improved safety and efficacy. Polymeric NPs have the capacity to be used for various applications from imaging to drug delivery systems. Several different types of polymeric materials can be used, and well-developed fabrication techniques have enabled them to be mass produced. Multifunctional NPs have many advantages because they are uniquely designed to target specific cancer cells. However, there are still some issues that need to be clarified, such as the safety of these NPs when used in the human body. Additional studies are still needed to clarify the details of nanotechnology-based methods and to establish these NPs as tools for the treatment of cancers.
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Although InP/ZnS quantum dots (QDs) have emerged as a presumably less hazardous alternative to cadmium-based QDs, their toxicity has not been fully understood. In this work, we report the cytotoxicity of InP/ZnS QDs with different surface groups (NH2, COOH, OH) toward two lung-derived cell lines. The diameter and the spectra of InP/ZnS QDs were characterized and the hydrodynamic size of QDs in aqueous solution was compared. The confocal laser scanning microscopy was applied to visualize the labeling of QDs for human lung cancer cell HCC-15 and Alveolar type II epithelial cell RLE-6TN. The flow cytometry was used to confirm qualitatively the uptake efficiency of QDs, the cell apoptosis and ROS generation, respectively. The results showed that in deionized water, InP/ZnS-OH QDs were easier to aggregate, and the hydrodynamic size was much greater than the other InP/ZnS QDs. All these InP/ZnS QDs were able to enter the cells, with higher uptake efficiency for InP/ZnS-COOH and InP/ZnS-NH2 at low concentration. High doses of InP/ZnS QDs caused the cell viability to decrease, and InP/ZnS-COOH QDs and InP/ZnS-NH2 QDs appeared to be more toxic than InP/ZnS-OH QDs. In addition, all these InP/ZnS QDs promoted cell apoptosis and intracellular ROS generation after co-cultured with cells. These results suggested that appropriate concentration and surface functional groups should be optimized when InP/ZnS QDs are utilized for biological imaging and therapeutic purpose in the future.

Keywords: InP/ZnS quantum dots, cytotoxicity, cellular uptake, cell apoptosis, ROS generation

INTRODUCTION

QuantumDot (QD), also known as semiconductor nanometer microcrystal, is currently one of the most popular nano materials (Pohanka, 2017) owing to its unique optical features, such as wide absorption spectrum, narrow emission spectrum, long fluorescence lifetime, high intensity and strong resistance to photobleaching, etc. (Bruchez et al., 1998). QDs has been developed rapidly and widely used in biomedical research such as biological sensing, imaging, food quality control and biochip technology (Lin et al., 2015b; Peng et al., 2018; Zhou et al., 2018). However, more QDs nanoparticles are entering into the environment with the increasing development of QDs, more QD exposure hazards from product industries and research institutions resulting in toxicity in vitro and in vivo are increased. Thus, serious concerns have been raised about the biosafety of QDs due to limited understanding of the toxicological behavior of quantum dots (QDs).

The impacts of QDs on the environment and human being have been put forward recently by many scientists and organizations (Manshian et al., 2016, 2017; Liu et al., 2017). The toxicity of QDs has been evaluated using multiple in vitro cell models including human bronchial epithelial cells (Zheng et al., 2018), HepG2 cell line (Paesano et al., 2016), macrophages and lymphocytes (Wang X. et al., 2016) and in vivo animal models such as mice (Liu et al., 2017), rat (Ma-Hock et al., 2012), and non-human primate (Ye et al., 2012). So far, the collected data is still inconclusive because many factors are responsible for the toxicity of QDs. QD-induced toxicity is closely related to their surface properties (including shell, ligand and surface modifications), size, biological model, and exposure route and time (Oh et al., 2016).

Although some progress has been made in the toxicity study on QDs, most of the research still focused on cadmium-containing QDs, such as CdTe, CdS, and CdSe. Studies have shown that the release of cadmium ion from cadmium-containing QDs caused damage to cells (Li et al., 2009) or organs (Wang M. et al., 2016). The risk of cadmium exposure and the toxicity of cadmium-containing QDs (Mo et al., 2017) have initiated a heated debate over whether or not to keep on pursuing the translation of QDs into clinical research and applications.

In order to overcome this problem, several strategies have been proposed, such as the generation of cadmium-free QD dots. InP/ZnS (indium phosphide/zinc sulfide) nanocrystals are the most commonly used core/shell cadmium-free QDs. InP/ZnS QDs have appeared to be a less hazardous nanocrystal in comparison with cadmium-containing nanoparticles (Brunetti et al., 2013) since they are free of cadmium and also have greater degree of covalent bonding, comparing to those made up of group II–VI elements. Chibli et al found a small amount of hydroxyl radical formed under visible illumination of biocompatible InP/ZnS QDs, comparable to what is seen with CdTe, indicating that InP/ZnS QDs are a useful alternative to cadmium-containing QDs (Chibli et al., 2011). Previously, we have systematically studied the in vivo biodistribution and long term toxicity of InP/ZnS QDs in BALB/c mice (Lin et al., 2015a). We found that accumulation of indium element from injected InP/ZnS QDs still remained at major organs even after 84 days of injection. But hematology, blood biochemistry, and histological analysis indicated that there are no acute toxic effects.

Although InP/ZnS QDs have emerged as a presumably less hazardous alternative to cadmium-based particles, their toxicity has not been fully observed. In comparison to cadmium-containing QDs, the understanding of InP QD toxicity is still in its infancy stage, and little is known about their toxicological effects (Soenen et al., 2014). Lung is the first exposed target for inhaled nanoparticles, and it also receives the entire cardiac output, which makes the risk of lung injury high. Previously, Ho et al reported that pulmonary exposure to cadmium-based QDs will result in persistent inflammation and granuloma formation in the mouse lung (Ho et al., 2013). Furthermore, surface coating to influence the disposition and toxicity of QDs in animal lungs (Roberts et al., 2013). Injures of lung will seriously damage the respiratory function and cause serious lung disease. Study of cytotoxicity toward these two lung-derived cell lines help to understand the impact of InP/ZnS QDs on respiratory function.

In this study, we investigated the in vitro toxicity of InP/ZnS terminated with different surface groups (COOH, NH2 and OH respectively) on two lung-derived cell lines, human lung cancer cell HCC-15 and Alveolar epithelial type II (AEII) cell RLE-6TN, which are common cell models for studying respiratory toxicity of nanoparticles (Zienolddiny et al., 2000; Schwotzer et al., 2018). AEII cells are an important component of the respiratory defense system against foreign material, including nanoparticles. They are responsible for production and recycling of lung surfactant, play a role in turnover of the alveolar epithelia, and bear the ability to transform into alveolar epithelial type I (AEI) cells (e.g., for replacement of damaged cells) (Schwotzer et al., 2018). HCC-15 cells is immortalized cell lines derived from squamous cell lung cancer, which is the second most common type of lung cancer, usually originating in the large airways in the central part of the lungs (Wu et al., 2013). We found that all the QDs could enter the cells at similar percentage when the dose reached 20 μg/mL. While at the dose of 2 μg/mL, the uptake efficiency of QDs with hydroxyl was relatively lower than the others. All these QDs caused the cell proliferation inhibition, cell apoptosis and ROS generation. These results suggested that we should optimize the concentration of quantum dot within a safe range while using InP/ZnS QDs as optical probes for cell imaging or other clinical applications.

MATERIALS AND METHODS

Preparation and Characterization of QDs

InP/ZnS QDs were purchased from Najingtech Company. The morphology images of InP/ZnS QDs dispersed in toluene were obtained with a transmission electron microscope (TEM) (Tecnai G2 F20 S-TWIN, FEI, United States) operating at an accelerating voltage of 200 kV at room temperature. When inversed from oil phase to aqueous phase, InP/ZnS QDs was coated with a polymer layer and terminated with carboxyl, hydroxyl and amino surface groups respectively. Before experiment, the content of indium element in the three QDs solutions was measured by ICP-MS (7500C1, Agilent, United States) analysis and the result was normalized to equalize the concentrations of the three QDs. The absorption spectra of InP/ZnS QDs were measured by a UV-Vis spectrophotometer (Cary 5000, Agilent, United States). The photoluminescence emission spectra were determined by a Fluorescence spectrophotometer (F-4600, Hitachi, Japan) with an excitation wavelength of 400 nm. The hydrodynamic size distribution of InP/ZnS QDs was obtained using a dynamic light scattering (DLS) machine (Zetasizer Nano ZS, Malvern, United Kingdom).

Cell Culture

The human lung cancer cell HCC-15 and Alveolar type II epithelial cell RLE-6TN were obtained from American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, United States) supplemented with 10% fetal bovine serum (FBS, Gibco, United States) and 100 U penicillin/streptomycin (Gibco, United States). All cells were cultured at 37°C in humidified atmosphere with 5% CO2.

Confocal Laser Scanning Microscopy

The day before imaging, cells were planted onto 35 mm confocal dishes (Thermo ScientificTM NuncTM, United States) to give 30–50% density. Cells were left untreated or co-incubated with 2 μg/mL InP/ZnS QDs. After 4–6 h of incubation, the culture medium was removed and cells were washed with phosphate-buffered saline (PBS) twice, fixed with 4% paraformaldehyde for 15 min. Then the paraformaldehyde solution was abandoned and the cell nucleuses were stained with DAPI for 5 min. The confocal images were obtained using a laser scanning confocal microscope (LSCM, TCS SP5, Leica, DEU).

Uptake Efficiency Detected by Flow Cytometry

The day before experiment, cells were seeded into 6-well plates in medium to give 30–50% density. Cells were left untreated or co-incubated with InP/ZnS QDs (2 and 20 μg/mL, respectively). After 4–6 h of incubation, the culture medium was removed and cells were washed with PBS, harvested by trypsin (Gibco). After centrifugation, cells were resuspended in 300 μL PBS solutions and analyzed immediately by a flow cytometer (FACS Aria II, BD, United States).

Cell Viability Detected by MTT Assay

The cell viability of HCC-15 and RLE-6TN cells were evaluated by MTT (Sigma-Aldrich, United States) assay. Cells were seeded in 96-well plates (5 × 103 cells/well) and incubated with different concentrations of InP/ZnS QDs for 24 or 48 h. The MTT solution (5 mg/mL) was added into cells for 10 μL/well. After 4 h incubation, the culture medium was removed carefully and DMSO (150 μL/well) was added to sufficiently dissolve the blue crystals. The plates were gently shaken for 5 min and absorbance was measured with a microplate reader (Multiskan FC, Thermo Fisher, Finland) at a wavelength of 570 nm. The cell viability was calculated by normalizing the absorbance of the sample well against that of the control well and expressed as a percentage, assigning the cell viability of non-treated cells as 100%.

Cell Apoptosis Detected by Flow Cytometry

The cell apoptosis was measured by Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen®, United States). The day before assay, cells were planted onto 6-well plates. For apoptosis detection, cells were left untreated or exposed to InP/ZnS QDs for 24 or 48 h. All cells were dissociated with trypsin solution (Gibco, United States) without EDTA and collected by centrifugation at 1,500 rpm for 5 min. After washed with pre-cooling PBS, cells were resuspended in 300 μL 1 × binding buffer. Five microliter Annexin V-FITC solution was added into cells and cells were incubated for 15 min at room temperature and protected from light. The signals of FITC fluorescence were detected by a flow cytometer (FACSAria II, BD, United States).

Detection of Reactive Oxygen Species (ROS)

The production of cellular ROS was detected by the carboxy-dichlorofluorescein diacetate (carboxy-DCFH-DA) assay kit (Sigma-Aldrich, United States). Cells were planted onto 6-well plates and left untreated or treated with InP/ZnS QDs. After 4–6 h of stimulation, the culture medium was removed and 10 μM DCFH-DA solutions was added into cells to load the probe. Cells were incubated for 20 min at 37°C with 5% CO2 and washed with serum-free medium twice to remove the extra DCFH-DA. Cells were collected and analyzed immediately by a flow cytometer (FACS Calibur, BD, United States).

Statistical Analysis

All experimental data were expressed as mean ± standard deviation (SD). Multigroup comparisons of the means were carried out by one-way analysis of variance (ANOVA) test. Dunnett’s test was used to compare the differences between the experimental groups and the control group. All statistical calculations were performed with the SPSS 11.0 software package. The statistical significance for all tests was set at p < 0.05.

RESULTS

Characterization of InP/ZnS QDs

The TEM image of InP/ZnS QDs before surface modifications was shown in Figure 1A. It demonstrated a relatively monodispersed size distribution with averaged size of ∼5 ± 0.5 nm. After coating with a polymer layer and terminated with carboxyl, hydroxyl or amino surface groups, we performed the FT-IR spectra analysis of the QDs which indicating successful functionalization of the three surface groups (Supplementary Figure S1). The InP/ZnS QDs modified with carboxyl, hydroxyl and amino groups, respectively, exhibited consistent absorption spectra with the same absorption peak around 580 nm (Figure 1B). Under excited by 400 nm light source, the three QDs all exhibited relatively symmetrical photoluminescence spectra with the emission peak around 625 nm (Figure 1C). The average hydrodynamic diameters of the aqueous QDs characterized by DLS technique were 9.267 ± 2.769 nm, 11.70 ± 3.031 nm and 97.79 ± 31.74 nm for InP/ZnS-COOH QDs, InP/ZnS-NH2 QDs and InP/ZnS-OH QDs, respectively (Figures 1D–F). Accordingly, the zeta potentials of these QDs were -43.1 ± 8.13 mV, -54.6 ± 7.06 mV, -40.5 ± 8.33 mV, respectively.
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FIGURE 1. Characterization of InP/ZnS QDs with various surface functional groups. (A) TEM image of InP/ZnS QDs dispersed in toluene. Scale bar: 50 nm. (B) Absorption spectra and (C) photoluminescence (PL) spectra of InP/ZnS-COOH QDs, InP/ZnS-OH QDs, and InP/ZnS-NH2 QDs, respectively. Hydrodynamic size distributions of (D) InP/ZnS-COOH QDs, (E) InP/ZnS-OH QDs, and (F) InP/ZnS-NH2 QDs dispersed in deionized water.



Uptake of Quantum Dots by Lung-Derived Cells

The confocal images of HCC-15 and RLE-6TN cells treated with the 2 μg/mL QDs for 4 h were shown in Figure 2. Compared with the control group, obvious red signals from QDs were observed around the cell nucleuses in the QDs treated groups, which indicated that the QDs could be taken up by human lung cancer cell HCC-15 and Alveolar type II epithelial cell RLE-6TN. It can also be clearly seen that the intake of InP/ZnS-OH QDs is relatively lower than InP/ZnS-COOH QDs and InP/ZnS-NH2 QDs.
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FIGURE 2. Fluorescence images of (A) HCC-15 and (B) RLE-6TN cells treated with (i) Blank, (ii) InP/ZnS-COOH, (iii) InP/ZnS-NH2, and (iv) InP/ZnS-OH QDs for 4 h. The cell nucleuses are stained with DAPI (in blue), and the signals from QDs are in red. Scale bar: 20 μm.



To further quantitatively evaluate the uptake efficiency of QDs by HCC-15 and RLE-6TN cells, flow cytometry analysis was performed (Figure 3). For HCC-15 cells treated with 2 μg/mL QDs, the uptake efficiency of InP/ZnS-COOH, InP/ZnS-NH2 and InP/ZnS-OH are 87.4 ± 2.67%, 89.0 ± 2.15%, and 74.5 ± 1.89%, respectively. And for RLE-6TN cells treated with 2 μg/mL QDs, the uptake efficiency of the three QDs are 67.1 ± 0.95%, 48.6 ± 2.03%, and 32.6 ± 2.14%, respectively. From the data we can see that for both cells, the uptake efficiency of QDs terminated with hydroxyl is relatively lower than the QDs modified with carboxyl or amino, which is consistent with fluorescence imaging results. Nevertheless, for 20 μg/mL QDs treated cells, the uptake efficiency of the three QDs are comparable (all above 97% for HCC-15 and all above 90% for RLE-6TN). These results indicate that the in vitro uptake of the InP/ZnS QDs is concentration dependent.
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FIGURE 3. The uptake efficiency of InP/ZnS-COOH, InP/ZnS-NH2, and InP/ZnS-OH QDs by cells treated for 4 h. Representative plots of the fluorescence intensity in (A) HCC-15 and (C) RLE-6TN cells treated with 2 and 20 μg/mL QDs. The uptake efficiency of (B) HCC-15 and (D) RLE-6TN cells, evaluated from experiments shown in (A,C). Values are means ± SD, n = 3.



Effect of InP/ZnS QDs on Cell Viabilities

In order to evaluate the cytotoxicity of the QDs terminated with carboxyl, hydroxyl or amino groups on lung tissue cells, MTT assays were conducted on HCC-15 and RLE-6TN cells with QDs for 24 and 48 h. For the case of HCC-15 cells treated for 24 h, the cell viability of the three groups remained above 90% when the applied QD concentrations range from 0.625 to 160 μg/mL (Figure 4A). Similar pattern of cell viability trends are shared for RLE-6TN cells treated for 24 h (Figure 4C), the cell viability remained above 90% for InP-NH2 and InP/ZnS-OH groups and above 80% for InP/ZnS-COOH groups. The results here show that InP/ZnS QDs terminated with carboxyl, hydroxyl or amino groups have no considerable cytotoxicity within 24 h. However, a different trend was observed when we extend the incubation time to 48 h. The cell viability of 48 h post-treatment decreased evidently as QD concentration increased (Figures 4B,D), which indicated that the InP/ZnS QDs showed a concentration dependent cytotoxicity pattern in the cell viability.
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FIGURE 4. Relative cell viability of HCC-15 (A,B) and RLE-6TN cells (C,D) treated with (i) InP/ZnS-COOH, (ii) InP/ZnS-NH2, and (iii) InP/ZnS-OH QDs, respectively. The cells are incubated with different concentrations of QDs for 24 (A,C) and 48 h (B,D). Values are means ± SD, n = 6. (∗p < 0.05 vs. control of InP/ZnS-COOH; #p < 0.05 vs. control of InP/ZnS-NH2; $p < 0.05 vs. control of InP/ZnS-OH).



InP/ZnS QDs Promote Cell Apoptosis

To systematically assess the toxicity of InP/ZnS QDs on cells, the fraction of apoptotic cells caused by QDs were determined by flow cytometry analysis. Figures 5A,B are the representative plots of flow cytometry analysis in HCC-15 and RLE-6TN cells, respectively. For the case of HCC-15 cells treated with 20 μg/mL QDs for 24 h, the cell apoptosis rates of the three QDs groups presented comparable to the control group (Figure 5C). However, when the exposure time extend to 48 h, the cell apoptosis rates increased dramatically to 30.0 ± 3.26%, 27.9 ± 1.42%, and 38.0 ± 5.06%, respectively (Figure 5C), which presented significant difference compared with the control group (P < 0.01). The same set of experiments was performed using the RLE-6TN cell line (Figures 5B,D). When compared to the untreated cells, the apoptosis rates of the three QDs treated cells all exhibited remarkable increase (P < 0.01) (Figure 5D). These results demonstrated that InP/ZnS QDs increased the occurrence of apoptotic events in cells after 48 h treatment.
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FIGURE 5. Apoptosis rate of HCC-15 cells (A,B) and RLE-6TN cells (C,D) treated with (i) Blank, (ii) InP/ZnS-COOH QDs, (iii) InP/ZnS-NH2 QDs, and (iv) InP/ZnS-OH QDs respectively. Representative plots of FITC fluorescence intensity in HCC-15 (A) and RLE-6TN cells (C) treated for 24 and 48 h. The apoptosis rate of HCC-15 cells (B) and RLE-6TN cells (D), evaluated from experiments shown in (A,C). Values are means ± SD, n = 3. (∗p < 0.05 vs. control; ∗∗p < 0.01 vs. control).



InP/ZnS QDs Induce ROS Generation in Lung-Derived Cells

To further probe the mechanism of cytotoxicity, cellular reactive oxygen species (ROS) levels were measured by flow cytometry analysis. Figures 6A,B are the representative plots of flow cytometry analysis in HCC-15 and RLE-6TN cells, respectively. For the case of HCC-15 cells, the fraction of cells generated reactive oxygen were 61.2 ± 3.07%, 53.5 ± 5.78%, and 64.8 ± 1.75%, respectively (Figure 6C), which showed significantly difference compared with the control (P < 0.01). The average DCF fluorescence intensity was correlated with the amount of ROS generated in the cell. The average fluorescence intensity of the QDs treated cells (35.56 ± 2.58, 33.6 ± 4.86, and 39.0 ± 1.50) were significantly stronger than the untreated cells (P < 0.01), which implied plentiful ROS generation in the treated cells (Figure 6D). The same set of experiments was performed using the RLE-6TN cell line (Figures 6E,F) and the data also presented increased intracellular ROS levels of the experiment groups compared to the control (P < 0.01). These results suggested that InP/ZnS QDs had the potential to induce the intracellular ROS generation after being uptake by the cells.
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FIGURE 6. The ROS level in HCC-15 (A,C,D) and RLE-6TN cells (B,E,F) treated with (i) Blank, (ii) InP/ZnS-COOH QDs, (iii) InP/ZnS-NH2 QDs, and (iv) InP/ZnS-OH QDs for 4 h. Representative plots of the DCF fluorescence intensity in HCC-15 (A) and RLE-6TN cells (B). The ROS level in HCC-15 (C) and RLE-6TN cells (E). The average fluorescence intensity of HCC-15 (D) and RLE-6TN cells (F). (C–F) are evaluated from experiments shown in (A,B). Values are means ± SD, n = 3. (∗p < 0.05 vs. control; ∗∗p < 0.01 vs. control).



DISCUSSION

In recent years, people have developed many non-cadmium QDs because of their concerns on the risk of cadmium exposure from cadmium-containing QDs. InP/ZnS QDs as frequently used non-cadmium QDs have emerged as a presumably less hazardous alternative to cadmium-based QDs (Kuo et al., 2017). However, toxicity studies on InP/ZnS QDs have just begun, and little has been known about their toxicological effects. Thus, the present study investigated the cytotoxicity of InP/ZnS QDs toward two lung-derived cell lines, HCC-15 and RLE-6TN cells.

It is well known that surface modification and stabilization of QDs appears to be the most key steps to make them hydrophilic and functionalized. The functional groups on the surface make it feasible to cross-link with desired small molecules or ligand of biomolecules (e.g., peptide, antigen or antibody) by means of conjugating. Among these surface coating groups, carboxyl, hydroxyl and amino groups are most frequently used for such biological functionalization (Mashinchian et al., 2014). In this study, QDs with different surface functional groups (carboxyl, hydroxyl or amino groups) were used for the cytotoxicity evaluation.

The different surface functional group of QDs makes them different in water stability and hydrodynamic size distributions. Bantz et al investigated the agglomeration behavior of two SiO2-based nanoparticles with different surface functional groups. They found that the negatively charged silica particles are easier to agglomerate than the positively charged ones (Bantz et al., 2014). Here, our data showed that InP/ZnS coated with hydroxyl group were more likely to aggregate, and the particle size in the water was far greater than the other QDs coated with carboxyl or amino group. It is mainly because that the hydroxyl groups around the particles couldn’t provide sufficient steric hindrance to counterbalance the attractive Van der Waal forces between particles (Wiogo et al., 2011). Apart from the stability and hydrodynamic size distribution, the surface properties also influence the fluorescence intensity of the QDs. Nguyen et al reported that the intense photoluminescence in carbon nanodots is originated from abundant surface functional groups (Vanthan et al., 2016). According to the study of Lu et al. (2000) Mn2+-doped ZnS nanoparticles exhibit a 30-fold increase in PL intensity after surface passivation by carboxylic functional groups. In our study, InP/ZnS QDs terminated with carboxyl groups exhibits evidently enhanced fluorescence intensity than QDs terminated with hydroxyl or amino groups. It is because the exchange process of carboxyl groups and other ligands caused damage to the surface of the QDs to a certain degree (Xiao et al., 2015).

Different physiochemical properties of these three QDs influenced how they interact with cells and, which induced different toxicological patterns. In the last decade, confocal fluorescence microscopy has emerged as an ultra-sensitive tool to probe the interaction between NPs and cells. For example, in order to identify the effect of the PEG-capped LSMO MNPs on MCF7 cells, Thorat and colleagues carried out confocal microscopy aided with multiple staining to observe the morphology of the cells as well as the induced apoptosis and necrosis (Thorat et al., 2016a). In our study, confocal microscopy is performed to determine the uptake of InP/ZnS QDs by HCC-15 and RLE-6TN cells and suggest the distribution of QDs in cytoplasm. Similar results were obtained from the confocal imaging of mPEG capped IONPs in MCF7 cells (Thorat et al., 2016b). Here we showed that InP/ZnS-COOH and InP/ZnS-NH2 were able to enter the cells more easily than InP/ZnS-OH which was possibly owing to different hydrodynamic size and functional groups on the surface. It is known that the nanoparticle size is one important factor in determining the ability of nanoparticles to enter cells. For example, Huo and his colleagues demonstrated that gold nanoparticles (<6 nm) were able to enter the cell nucleus effectively, whereas larger nanoparticles (10 or 16 nm) only penetrate through the cell membrane, and were found only in the cytoplasm (Huo et al., 2014). Saw et al reported the effect of four sizes of cystine/citric acid-coated confeito-like gold nanoparticles (30, 60, 80, and 100nm) on cellular uptake. They showed that cellular uptake was size dependent with the smallest size of gold nanoparticles (30nm) having the highest cellular internalization in MDA-MB231 breast cancer cells (Saw et al., 2018). Besides nanoparticle size, the cellular uptake of nanoparticles is still influenced by many other factors, including shape, zeta potential, specific surface area, surface charge, catalytic activity, the presence or absence of a shell, and functional groups on the surface (Jayagopal et al., 2007; Ma et al., 2013; Nam et al., 2013; Rivera-Gil et al., 2013). For instance, Zheng et al. studied the uptake of CdSe/ZnS QDs with two commonly reported positive charged (polyethylenimine, cysteamine) and two negative charged (dihydrolipoic acid, glutathione) ligands in human keratinocytes, and they found the selective accumulation of CdSe/ZnS QDs with glutathione in vesicles in the mitochondria matrix (Zheng et al., 2017). Manshian et al showed that intracellular uptake levels of NH2-QDs and COOH-QDs were very similar after 24 h exposure, NH2-QDs mainly remained in the lysosomes, while COOH-QDs appeared to be continuously internalized and transported by both endosomes and lysosomes (Manshian et al., 2017).

Consequently, the cellular trafficking by QDs influenced their toxicity profiles. The nanoparticles that are more easily to penetrate the cells will possibly result in higher cytotoxicity. In this study, InP/ZnS-COOH and InP/ZnS-NH2 showed higher cytotoxicity on two lung-derived cell lines than InP/ZnS-OH. Consistently, Pan et al. have investigated the dependence of the toxicity of gold Nanoparticles on their size in the range from 0.8 to 15 nm. The nanoparticles with 15 nm in size have been found to be 60 times less toxic than 1.4 nm nanoparticles for fibroblasts, epithelial cells, macrophages, and melanoma cells (Pan et al., 2007). The researcher proved that differences in the extent of their cellular uptake resulted in differences in consequent toxicological effects. The continuous flux of CdSe/ZnS QDs terminated with carboxylic acid showed their higher toxicity compared to the NH2-QDs, resulting in mitochondrial ROS generation and cytoskeletal remodeling (Manshian et al., 2017). It is worth mentioning that, in this study, the toxicity effect of QDs on the two lung-derived cell lines was different. MTT assay showed that RLE-6TN cell line appeared to be more sensitive to QDs treatment. The cytotoxicity of QDs varies by cell type, which is in line with the previous report (Kim et al., 2015). For example, Mortensen et al manifested that ROS responses induced by QD exposure was correlated with the level of QD uptake and was cell type dependent. Keratinocytes appeared to be at greater risk for QD induced ROS generation than melanocytes after pre-exposing cells to UVB (Mortensen et al., 2015).

One of the common cytotoxicity when living organisms are treated with QDs is apoptosis, where many attempts have been made to explain the mechanisms of apoptosis caused by QDs’ use. Excess generation of ROS will result in oxidative stress that would mediate apoptosis. For example, CdTe QDs have been proposed to induce oxidative stress, which plays a crucial role in CdTe QDs-mediated mitochondrial-dependent apoptosis in HUVECs cells (Yan et al., 2016). Luo et al. (2013) reported that QDs in RAG cells increased intracellular ROS levels and induced autophagy, leading to subsequent apoptosis, which suggest that oxidative stress-induced autophagy is a defense/survival mechanism against the cytotoxicity of QD. Furthermore, the activation of cell death receptors and mitochondria-dependent way could onset apoptosis. Singh et al. (2012) demonstrated that CdS QDs induce apoptotic cell death in LNCaP cells via p53, survivin, Bax/Bcl-2 and caspase pathways by alleviating ROS-mediated oxidative stress. Signal transduction also plays an important role in the regulation of apoptosis. Motohashi and Yamamoto (2004) once reported that Nrf2 controlled the transcription of target genes by binding to the antioxidant response element (ARE) located at the enhancer regions of the genes, giving rise to regulations against xenobiotic and oxidative stresses that could induce cell apoptosis.

There are several physicochemical and molecular mechanisms enabling nanoparticles to cause toxicity toward cells. These include ROS generation, DNA damage and membrane perturbation etc. Oxidative stress is considered to be responsible for toxicity triggered by QDs, as it can induce the intracellular production of ROS. According to existing studies, the majority of nanoparticles have been reported to cause excessive ROS generation in affected cells or organs. Our data showed an increase of intracellular ROS level in HCC-15 and RLE-6TN cells after exposure to InP/ZnS QDs, which aligned to some extent with the previous study retaining cadmium-based QDs in other cell types (Wang X. et al., 2016). Lee et al examined the toxicity effect of carboxylic acid-coated QDs (QD 565 and QD 655) on human keratinocytes. The cell viability of keratinocytes was obviously inhibited by these two types of QDs in a concentration-dependent manner. QD-induced intracellular ROS levels resulted in cell apoptosis via blockade of AKT phosphorylation (Lee et al., 2017). Peynshaert and his colleagues showed that PEGylated QDs were significantly more toxic than MPA-coated QDs due to increased ROS production and lysosomal impairment, which next resulted in autophagy dysfunction and cytotoxicity (Peynshaert et al., 2017).

Reactive oxygen species are chemically reactive species containing oxygen. Oxygen atom has two unpaired electrons in separate orbits in its outer electron shell. This electron structure makes oxygen susceptible to radical formation. The sequential reduction of oxygen through the addition of electrons leads to the formation of a number of ROS including O2⋅-, H2O2, ⋅OH, HOCl, ONOO-, and NO. DCFH-DA probe used in our study was considered to be used for detecting intracellular H2O2 and oxidative stress. It is cell-permeable and is enzymatically hydrolyzed by intracellular esterase to DCFH which is retained in the cell (Halliwell and Whiteman, 2004). Oxidation of DCFH by H2O2 results in DCF, a fluorescent product which can be monitored by fluorescence-based techniques. However, it is reported that DCFH does not directly react with H2O2 to form DCF, it can also be oxidized by other ROS, such as ⋅OH, ROO⋅, O2⋅- (Crow, 1997). Due to the existence of several substances that interfere with the formation of DCF, the probe DCFH-DA, when used in cellular systems, cannot be seen as a specific indicator for H2O2.

Taken together, our results on cell uptake, cell viability, apoptosis and ROS generation indicated that InP/ZnS QDs can enter these two lung-derived cells with exerting obvious cytotoxicity. InP/ZnS-COOH and InP/ZnS-NH2 were able to enter the cells more easily than InP/ZnS-OH, in turn caused more toxic to cells. Although InP/ZnS have regarded as a presumably less hazardous alternative to cadmium-based QDs, appropriate concentration and surface functional groups are needed to be optimized for biological and therapeutic applications in the future.

CONCLUSION

In summary, we reported the cytotoxicity of InP/ZnS QDs with different surface groups (NH2, COOH, OH) toward two lung-derived cell lines, HCC-15 and RLE-6TN cells. The results showed that InP/ZnS-OH was more likely to aggregate, and the particle size in the water was far greater than the other InP/ZnS-COOH and InP/ZnS-NH2. InP/ZnS-COOH and InP/ZnS-NH2 were able to enter the cells more easily than InP/ZnS-OH. High doses of all these QDs caused the cell viability to decrease, and InP/ZnS-COOH and InP/ZnS-NH2 appeared to be more toxic than InP/ZnS-OH. In addition, InP/ZnS QDs treatment presented increased cell apoptosis and enhanced intracellular ROS levels. These results suggested that appropriate concentration and surface functional groups should be optimized when InP/ZnS QDs are utilized for biological and therapeutic purpose in the future.
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Formulation

HSA-ICG NPs

HSA-IR825 complex

HSA-Gd-IR825
nanocomplex

HSA-ICG-PTX NPs

HSA-Ce6-PTX-RGD
Cy5/Qsy21 labeled-
PA(V)-probe@HSA

Melanin/PTX-HSA NPs

Porphyrin-MB-PTX-HSA
NPs

HSA@CySCOOH

HSA-Ce6 nanoassemblies

HSA-FePc NPs

PFT-Hoy-HSA-Oy7-pTFT

HSA-gemcitabine/IR780
complex

HSA-coated

superparamagnetic iron
oxide NPs

BSA functionalized
Nano-rGO

squaraine@BSA

UCNP@BSA-RB&IR825

Fe304-BSA@DOX-PEG

Gemgitabine-loaded
magnetic BSA nanospheres
modified with cetuximab

Fe5Cp-BSA-DOX NPs

Gd:CuS@BSA NPs

PEG-BSA-imidazole
modified with cither Oy5.5
orBHQ-3
[FITC}-BSA-Gd/1,3-bis(2-
chloroethyl)-1-nitrosourea
NPs
Folate(FA)-BSA-c-PheoA
conjugate:GO complex
incorporated free PheoA

Prussian blue-BSA-ICG NPs.

DOX-loaded
UCN/ZnPo@FA-BSA-PCL

BSA-MnO,-ICG NPs and
BSA-MnO,-PTX NPs.

MoS,-Gd-BSA

Mn304-BSA-EDTA

Au-BSA-DOX-FA

Gdp03@BSA conjugating
Chlorin e6

2W800-labeled
ZnF1Pc-feritin- RGDAC

2W800-labeled
DOX-feritin- RGDAC

IR820 loaded ferritin
nanocage

Ga-HPDOBA-apoferiin-
curcumin

Gd-HPDO3A-L-ferri
curcumin

CuS-feritin

Lferitin decorated PLGA
for the delivery of paciitaxel
and Gd based MRI agent
Gelatin-iron oxide
core/CaP-DOX NPs

Feg04@gelatin conjugating
FITC and PYV) prodrug

Angio-DOX-dendrigraft
poly-lysine-gelatin

DOX-AuNPs@gelatin

DOX- gelatin-EGCG AuNPs

Paciitaxek-loaded gelatin
oleic acid
superparamagnetic NPs

DOX-Graphene-Si0-
coated quantum dots-Tf
conjugates

PEGylated fluorescent
nanodiamond-Tr-DOX

Docetaxel- and ultra bright
gold clusters-loaded
T-TPGS

Paciitaxel-loaded
Ti-FegOy/mesoporous slica
(core/shel)-Cy7 NPs

Gy5.5-loaded N-NESTA-TY

Docetaxel- and quantum
dots-loaded TPGS-Tf

T-IR780 NPs.

Iron-dependent
artesunate-loaded Tf-holow
mesoporous CuS NPs

Holo-THCG

Iron oxide NPs conjugating
T, TAT peptide and Oy7

Protoporphyin [X-loaded
UCNP@Tf NPs

NIR-797-labeled
anti-EGFR-RGD-PTX-sik
fibroin NPs

Nanodiamonds-sik
fioroin-DOX

DOX-loaded sericin/dextran
composite hydrogel

Cy5-labeled
hydroxycamptothecin
@AUNPs-Zein-folate-
conjugated
polydopamine

Boron/Gd agent ipoprotein
adducts

Zinc-doped
Feg0,-saturated bovine
lactofertin

Feg0, -saturated bovine
actoferrin

Application

Fluorescence and PA
dual-modal imaging-guided
phototherapy

Imaging-guided PTT

Fluorescence and MR
dual-modal imaging-guided
PTT

Imaging-guided PTT and
chemotherapy

MR and fluorescence-
imaging-guided
chemotherapy and PDT
Imaging-guided
chemotherapy

PA-imaging-guided
chemotherapy

PAand
ultrasoundimaging-guided
chemotherapy

Fluorescence/PA/thermal
multimodlity
imaging-guided PTT

Fluorescence/PA/MR
triple-modal imaging-guided
PDT

PAimaging-guided PTT

Optical and 19F MR
imaging-guided
chemotherapy

NIR imaging-guided
chemotherapy

MRI and thermoacoustic:
imaging-guided
thermoacoustic therapy

PA/ultrasonic dual-modaity
imaging-guided PTT

Dual-functional NIR probe
for targeted optical imaging
and selective PTT of cancer.

Imaging-guided combined
photothermal and
photodynarmic therapy
Combined MRI diagnostics
and chemotherapy

Simutaneous targeting, MRI
diagnostics, and
double-targeted
thermochemotherapy of
pancreatic cancer cells
Mult-stimul-regulated
photo-chemothermal
cancer therapy

PA/MR bimodal
imaging-guided
tumor-targeted PTT
pH-activatable on/off tumor
targeting probe for the
theranostic

MR and fluorescence
imaging-guided
chemotherapy
Active-targeted and
pH-responsive theranostio
agent for fluorescence
imaging-guided PTT and
PDT

MR and NIR fluorescence
bimodal imaging guided
laser mediated
combinatorial phototherapy
Simuitaneous tumor cell
imaging, PDT and
chemotherapy

MR imaging-guided PTT
and MR imaging-guided
chemotherapy
Dual-modalty MR and PA
imaging-guided PTT

Multifunctional
imaging-guided PTT

pH-sensitive theranostics
agent for CT imaging and
targeting therapy

MR imaging-guided
photo-induced therapy

Fluorescence
imaging-guided PDT

Fluorescence
imaging-guided
chemotherapy

Fluorescence and PA
imaging-guided PTT

MR imaging-guided
targeting chemotherapy

MR imaging-guided
targeting chemotherapy

PET and PA imaging-guided
PTT

MR imaging-guided
targeting chemotherapy

pH-responsive theranostics
agent for MR
imaging-guided
chemotherapy
Enzyme-stimulated
theranostics agent for
chemotherapy, MR imaging
and fluorescence sensor
Simultaneous
cancer-targeted fluorescent
imaging and chemotherapy
Chemotherapy and
intracellular imaging

Enzyme-responsive
theranostics agent for
real-time monitoring and
chemotherapy

MR imaging-guided
chemotherapy

Simultaneous
cancer-targeted fluorescent
imaging, monitoring and
chemotherapy
Simuitaneous
cancer-targeted fluorescent
imaging and chemotherapy
Simuitaneous
cancer-targeted imaging
and chemotherapy

Simuitaneous
cancer-targeted NIR
fluorescence/MR imaging
and chemotherapy
Targeted iron chelation
cancer therapy and NIR
fluorescence imaging

Brain-targeted imaging and
chemotherapy

NIR imaging and PDT/PTT
for Tir-overexpressed
tumors

PAimaging and
chemo-phototherapy for
Tir-overexpressed tumors

Fluorescence and PA
dual-modal imaging and
PTT for gioma

Simultaneous cancer cell
nuclear targeting, NIR/MR
imaging and synchronous
PTT

NIR light induced PDT of
cancer cells and
luminescence bicimaging
Fluorescence
imaging-guided
chemotherapy

Fluorescence tracking and
chemotherapy

Drug monitoring and
chemotherapy

Active targeting in drug
delivery and cellimaging

MR/Boron Neutron Capture
Therapy

Real-time cancer imaging
and simuttaneous
cancer-targeted therapy

Real-time imaging and
monitoring the effect of
drugs in real time.

Key outcomes of in vitro/in vivo study

In 4T1 tumor-bearing mice, the normal, tumor and s margin
tissue can be clearly identified via fluorescence and PA imaging.
After .. injection of the NPs followed by imaging-guided precision
PDT/PTT, the 4T4 tumor was completely eradicated, no
treatments-induced toxicity and tumor recurrence were observed.
The 4T1 tumor could be clearly identified from 1 to 12 post
injection. After i. injection of the complex followed by 808nm
laser irracition, the 4T1 tumor was significant eradicated and no
‘appreciable toxic side was observed.

The nanocomplex can be used for effective mapping of the
sentinel lymph node nearby tumors, and the mapping signal is
learest at ~30min post injection. Photothermal ablation of the
HSA-Gd-IR825 combined with surgical removal of primary tumors
provides signiicant therapeutic advances in preventing 4T1 tumor
metastasis and prolonging animal survival

The 4T1 tumor could be clearly identified after 4 post injection.
After .. injection of the NPs followed by 808nm laser iradiation,
the 4T1 tumor was significant eradicated and no significant toxic
side was observed.

Upon i. injection into UB7MG tumor-bearing mice, the nano-drug
‘could be effectively tracked by dual modal imaging and shown
‘excellent tumor growth inhibition effect.

Upon UV light iadiation, PY(V)-probe@HSA showed enhanced
ell death and cell apoptoss at both cisplatin-resistant A2780cis
and sensitive A2780 cell ines.

Invitro, the NPs showed enhanced PA signal and cytotoxicity
‘against MDA-MB-231 cancer cells. In vivo, the NPs effciently
‘acoumulated inside the MDA-MB-231 tumor, resiting in infibiting
tumor growth effectively and visualizing tumors photoacoustically.
The MDA-MB-231 tumor and neo-vessels in the tumor region
‘Gould be clearly visualized after 3min post injection. Exposure to
the focused ultrasound triggered the collapse of the
Porphyrin-MB-PTX-HSA NPs, resulting in the PTX-HSA-NPs
suppressed MDA-MB-231 tumor growth 10-fold higher than
without exposure to uitrasound.

The 41T tumor can be clearly differentiated from the surrounding
normal tissue from 1 to 48 injection. After injection of the
HSA@CYSCOOH followed by 808 nm laser iradiation, complete.
tumor eradication was achieved on 4T1 tumor-bearing mice, with
0 noticeable toxicity, weight loss, and tumor recurrence being
observed.

‘The nanoassemblies could be used for PA, MRI and fluorescence
triple-modal tumor imaging imaging in 4T1 tumor-bearing mice via
i.v njection. After i. injection of the nanoassemblies followed by
low-energy NIR iradiation, the 4T1 tumor was completely
suppressed without therapy-induced side effects and tumor
recurrence.

The NPs are excellent PA imaging agent, which can clearly show a
lear 4T tumor microstructure with higher spatial and contrast
resolution compared with FeP alone molecules. After
injection, the NPs exhibited efficient cancer therapy, no obviously
weight loss and low long-term toxicity were observed.

The 19F signals of PFT-Hoy-HSA-Oy7-pTFT are clearly visible in
tumor-bearing mouse. The inhibitory tumor (A549) growth effect of
PFT-Hoy-HSA-Oy7-pTFT was found to be 0.8-fold more than that
of the pTFT alone.

Compared to IR780 alone, the complex showed enhanced
‘accumulation and long-term retention in BxPC-3 pancreatic tumor
tissues, resulting in inhibiting tumor growth effectively with minimal
side effects.

Based on MRl and TA imaging, the NPs provide comprehensive
‘and complementary information for 4T1 tumors. Meanwhile, the
NPs mediated TA therapy exhibits excellent anti-tumor efficacy for
deep tumor models.

‘The theranostic agent not only showed rapid and significant PA
signal enhancement in the MCF-7 tumor area, but also can
effectively kil tumor cels in vivo with no noticeable organs toxic.
‘The optimal imaging and PTT window for KB xenografted tumor
was within 6h post-injection. After a tai veins injection of the
theranostic agent followed by 680nm laser imadiation, the KB
xenografted tumor was significantly suppressed.

‘The theranostic agent iradiated with dual lasers at 808 nm and
980 nm show stronger anti-cancer effect than that at individual
wavelength both in vitro and in vivo.

‘The theranostic agent showed superparamagnetic property and
high T-relaxivity value, and displayed similar cytotoxicity against
HEK293 and C6 cells as the DOX alone.

‘The theranostic agent not only can effectively distinguish different
EGFR-expressing pancreatic cancer cells, but also can evaluate
non-invasive methods for different targeting effects by MRI.
Combined antibodies and magnetic targeting, the theranostic
‘agent can effciently inhibit or kil ASPC-1 cells.

The NPs could be used for MRI and flucrescence tumor imaging in
SK-OV-3 tumor-bearing mice via i. injection. Under the
‘synergistic effect of magnetic targeting, PTT and the increased
drug release, the NPs have no systemic toxicity and show good
‘SK-OV-3 tumor elimination.

The NPs have significant SK-OV-3 tumor-targeted PA/MR imaging
performance, as well as effective SK-OV-3 tumor ablation.

‘The theranostic agent displayed significant cytotoxicity for MCF-7
‘and A549 cells, and showed a strong fluorescence signalin the
endosomal region of MCF-7 cels.

The NPs enable dual imaging for real-time tracking of
chemotherapeutic agent in viro and in vivo, and can also.
effectively inhibit MBR 261-2 tumor growth.

‘The theranostic agent showed the strongest fluorescence signal at
the MCF7 tumor at 3h post-injection. After iv. injection of the.
theranostic agent followed by 671 nm laser iradiation, the BIGF10
tumor was suppressed, and no acute toxicity was observed.

After v injection of the NPs, time dependent NIR fluorescence
signal and MRI signal was increase at the SCC7 tumor site. Upon
irradiation of 808 nm laser iradiation, the SCC7 tumor growth was
efficiently suppressed without tumor recurrence.

After 4h of incubation, DOX and UCN fluorescent signals can be
learly detected in HeLa cells. Compared with single PDT or DOX
chemotherapy groups, the theranostic agent showed significantly
enhanced HeLa cell kiling efficiency.

Both NPs showed admirable renal and tumor imaging abiity as
well s significant 4T1 tumor inhibition via i. injection.

‘The enhanced MR/PA signals were detected in the 4T tumor site
post-injection of the theranostic agent. Afer iv.injection of the
theranostic agent followed by 808nm laser imadiation, the 4T1
tumor was suppressed, and the negligible toxicity was observed.
‘The theranostic agent exhibited applcabilty a 71T duak-model
MRimaging and strong NIR (700-1000 nm) imaging in vitro and

in vivo. After . injection of the theranostic agent followed by

785 nm laser imadiation, the HCT1 16 tumor was suppressed, and
the low toxicity was observed.

‘The highest CT value in MGC-803 tumor arose at 30min
post-injection. The theranostic agent showed selective antitumor
activity effects on the MGC-803 tumor and no side efects on
normal organs and tissues.

The theranostic agent can be used for tumor localization and
visualization the in vivo distribution of Chlorin e6. After i.v. injection
of the theranostic agent followed by 660nm laser irraciation, the
4T1 tumor was suppressed, and no influence on the normal
tissues was observed.

The theranostic agent showed admirable liver and US7MG tumor
imaging abilty, significant UB7MG tumor infibition as well as
minimal toxicity to normal tissues via i. injection.

After injection of the theranostic agent, the fluorescence signals in
the tumor were the strongest and two-fold higher than those in the
liver. The theranostic agent showed a longer circulation half-ife,
significant UB7MG tumor inhibition as wel low cardiotoxicityl via
i.v. njection.

In 4T1 tumor-bearing mice, the tumor and its margin normal tissue
can be dlearly identified via fluorescence (550 nm) imaging from 4
t0.24h postinjection. After i. injection of the theranostic agent
followed by 808nm laser irradiation, the 4T1 tumor was
suppressed, and no significant body weight loss was observed.
‘The theranostic agent induced MR contrast is stronger in MCF-7
el than in MDA-MB-231cells. The theranostic agent have a
significant rediuction of MCF-7 cell prolieration at a concentration
of 97 pg/ml.

Although the theranostic agent showed relatively low MRI
sensitivity, it can effectively destroy the viabilty and self-renewal of
MDA-MB-231 and TUBO cells spheres in vitro, and to induce the
regression of TUBO tumor in mice.

After v injection, the theranostic agent showed adrmirable
UB7MG tumor imaging abilty, significant UB7MG tumor inhi
‘s well s low toxic side effects.

‘The theranostic agent can generate sufficient MRI contrast and an
increased cylotoxicity against the SCARAS receptors
over-expressed cancer celss.

The NPs showed efficient MR contrast and eficient cell uptake
toward Hela cels.

The ICs0 value of the theranostic agent is much lower than free
PY(V) prodrug. Signiicant enhancement in MR signals was
observed at the tumor site after i situ injection of the theranostic
agent.

The theranostic agent showed good targeting efficiency, well
penetration abilty as well as significantly inhibited 4T1 tumor
gowth.

DOX-based fluorescence allows real-time monitoring of drug
uptake, release and distribution in MCF-7 cells. Free DOX is more
toxic to MCF-7 cells than DOX-AUNPs@gelatin.

‘The theranostic agent could be effectively tracked by monitoring
the recovery of the DOX fluorescence signal and shown
significantly inhibit the growth of PC-3 cells.

The NPs can be used as T2-weighted MRI contrast agents in
cancer cells. After the tail ven injection, the NPs have longer
systemic Girculation time and better anticancer activity than
Taxol®.

DOX-based flucrescence allows real-time monitoring of drug
release and distribution in HeLa cells. However, the conjugates
showed lower toxicity effect than DOX alone on Hel.a and
HEK293 cell lines.

It can discriminate L-02 normal cells form HepG2 tumor cells in
terms of fluorescence intensity and cytotoxicity.

‘The theranostic agent showed 71.73 times more potency than
Taxotere® after 24 h treatment with MDA-MB-231-Iuc breast
‘cancer cells. 24 after the 4th injection on 24th day the
fluorescence intensity was not significantly decreased in the tumor,
liver and bladder. After .. injection of the theranostic agent, the
MDA-MB-231-luc tumor was suppressed, and no significant body
weight loss was observed.

1 to 24h after injection, the tumor can be clearly visualized. The
NPs showed higher anti-cancer activity on Hela cels than free
PTX.

‘The theranostic agent displayed significant inhibitory activity
against Hela, HT29 and PC3 cells, and the NIR fluorescence
signals of the theranostic agent can be clearly detected in HeLa,
HT29, and PC3 cells.

‘The theranostic agent can effectively cross the blood-brain barrier
‘and show fluorescence in the brain of rats.

The CT26 tumor and liver can be clearly visualized at 2h
post-injection, while only the CT26 tumor can be clearly visualized
at 12h post-injection. After injection of the NPs followed by

808 nm laser iadiation, the CT26 tumor was effectively
suppressed, and no significant adverse effect was observed.

The NPs can be effectively used for tumor imaging, and
peritumoralinjection is more conducive to tumor imaging than .
injection. After peritumoral injection of the NPs followed by 808 nm
laser irracition, the tumor was effectively suppressed.

The theranostic agent can provide high spatial resolution
fluorescence and PA imaging for visualization of the distribution of
1CG in suboutaneous- and orthotopio- brain tumors. After ..
injection of the theranostic agent followed by 808 nm laser
irraciation, the U7 tumor was effectively suppressed, and no
significant adverse effect was observed.

“The theranostic agent can be used for the A549 tumor imaging,
‘and the best imaging efect s at about 8h postinjection. After ..
injection of the theranostic agent, the A549 tumor was effectively
eliminated, and no significant adverse effect was observed.

Under 980nm laser irradiation, the NPs can not only kil
MDA-MB-231 cells by PDT, but also show clear bright green in
MDA-MB-231 cels.

In HeLa tumor-bearing mice, the NPs can be used for the tumor
and liver fluorescence imaging, and the maximum fluorescence
intensity in tumor and livr tissues arose at 24 h post-injection.
After tail vein injection of the NPs, the HeL.a tumor was efiminated,
and no significant adverse effect was observed.

After subcutaneous injection, the photoluminescence of hycrogel
is long-term stable in C57BL/6 mice without being quenched.
After injection the hydrogel into the viinity of the B16-F10 tumor,
the tumor was effectively suppressed, and no significant
differences in body weight were observed.

The increase of fluorescence signals from the KB tumors was
accompanied by the sharp decline in normal tissues at 3h post
injection, and the fluorescence signals at the tumor remains
basically constant within 24 h. After .. injection of the theranostic
agent, the KB tumor was effectively eliminated, and no acute
toxicity was observed.

After i.v. injection of the adducts, high MRI signal intensity was
observed in the liver and in the tumor region. 30-40 days after
neutron irradiation, the tumor growth of mice was negligible.
Orally fed the theranostic agent gave a bright dark (T) contrast at
the Gaco2 tumor site. Oral administration of the theranostic agent
exhibited significant antitumor efficacy and a nontoxic and
biocompatible nature in the human breast cancer and xenograft
colon tumors.

Oral administration of the theranostic agent exhibited significant
antitumor efficacy in the human breast cancer tumor.
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Vascular Endothelial Growth Factor PLGA PLGA Mw: 27 NPs sizes 710 In vitros targeted NPs were more associated to HUVECs by bindingto  $ni et al, 2015
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ID of ENPs

Gold nanoclusters (GNCs)

Hybrid TiOp/para-amino
benzoic acid NPs

GNPs

QDs with cadmiumvselenide
core and a zinc sulfide shell

Poly(propylene sulfide) NPs

PLGA NPs.

Gelatin NPs

PLGANPs
PLGA NPs.

Physicochemical properties

~2nm in size, coated with
mixture of zwitterionic and
carbohydrate ligands

5-6nm

~6nm, coated with ordered or
random arranged hydrophilic and
hydrophobic groups

18nm, coated with carboxylic
acid

45nm, labeled with Alexad88

135 nm, untargeted PEGylated
surface

245nm, carrying model drug
360nm, carrying model drug

500~600 nm, carying model
drug

Cell source

hDCs from blood

hDCs from blood

DC2.4 cells

Pig MDCs from blood

BMDCs

BMDCs

BMDCs

BMDCs
hMDCs from blood

*h denotes human; BMDCs, bone marrow-derived DCs; PEG, Polyethylene glycol.

Cellular uptake

Clathrin-, F-actin-, and C-lectin dependent
uptake

Macropinocytosis

Ordered structure: energy-independent;
Randorn structure: energy-dependent

Clathrin- and scavenger receptor dependent
endocytosis

Clathrin-mediated endocytosis, and
Macropinocytosis

Clathrin-mediated endocytosis,
caveolin-mediated endocytosis, and
macropinocytosis

Phagocytosis
Phagocytosis
Phagocytosis

References
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Category NP materials Antigen/pathogen  References
Liposome Lipid NY-ESO-1 (46)
Lipd ovA @n
Cationic lipid OVA (48)
Polymer PLGA OVAand “9)
monophosphoryl
lipid A
PLGA Tetanus toxoid 50)
y-PGA OVA 61)
Poly(propylene sulfide) ~ OVA ©2)
Inorganic MWONTs OVA, CpG (@4
Upconversion NPs OVA 17
GNPs. Peplice antigen @)
and receptor
agonist
Viruses particle  Adenoviral vectors TRP2 ©3)

NY-ESO-1,a humen tumor antigen that is highly expressed in melenomas; PLGA,
poly(actic-co-glycolic acid); yPGA, poly-y-glutamic acid; OVA, Ovalbumin; TRP2,

tyrosinase-related proteins 2.
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Tumor microenvironment

Type of Nano carriers

Reference(s)

Acidic pH

Hypoxia
Oxidative stress
Hyperthermia

ATP

PEG detachment

Particle-size shrinkage

Iron oxide nanoparticles
Liposomes

Siica nanoparticles
Polymeric nanoparticles

Polymeric micelles
Polymeric nanoparticles

Polymeric nanoparticles

Quantum dots

Iron oxide nanocubes

Liposomes

Magnetic nanoparticles

Micelles

Polymeric Nanogel

Microcapsules

Polymeric nanocarriers

Liposomes

Siica nanoparticles

Polymeric nanoparticles

Layer-by-layer fims on nanoparticies
Nanoparticles

Polymeric nanoparticles with Dendrimers
Nanogel

Gold nanoparticles

Lipid-dencrimer nancassembly
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Yanetal., 2015
Deng etal., 2011
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2016
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