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Editorial on the Research Topic 


Nanomedicine in Cancer Targeting and Therapy


Nanomedicine is a scientific field that uses nanotechnology in the development of diagnostic and therapeutic solutions for medical purposes. The field emerged in the literature during the 1980s, when the first papers involving nanomedical applications were published (1, 2). A second important milestone was the launch, in the 1990s, of the first two pharmaceutical nanomedical products, Doxil®, and Myocet®, liposomes carrying chemotherapeutical drugs. These oncological applications were important in reducing the toxicity and improving the effectiveness of chemotherapy, thus improving the quality of life of thousands of people (3).

In addition, the most relevant recent application of nanomedicine has been in the development of COVID mRNA vaccines, which involved the use of lipid nanoparticles (Figure 1). Due to the instability of the RNA sequences, the use of lipid nanoparticles was a crucial step to keep the integrity of the oligonucleotides. It would be impossible to use these vaccines without the protection and stability conferred by these lipid nanoparticles (4). Indeed, due to the importance of the pandemic, and as these vaccines were applied to billions of people, we can say that it was the most impactful use of nanomedicine to date. Furthermore, these technologies have the potential to be used as new therapeutic platforms for other medical conditions, such as cancer and autoimmune disease, because other possibilities for their use are continuously under investigation (5, 6).




Figure 1 | Nanomedicine milestones.



Within this historical context, we proposed this Research Topic to Frontiers in Oncology, aiming to invite authors to publish the most recent scientific and technological advances in the field of nanomedicine. After almost two years, we had received 25 article submissions, and 10 of them were accepted and included in our special issue “Nanomedicine in Cancer Targeting and Therapy”. Five tfmkoriginal articles, six review articles, and one systematic review article were chosen for publication.

Among the original articles, one describes polymeric nanoparticles used to encapsulate gambogic acid, a phytochemical compound commonly used in Chinese medicine. As the main results, Kwan et al. showed the effectiveness of this nanocarrier against triple-negative breast cancer cells, in both in vitro and in vivo models. Another original article describing a nanoformulation of natural products was published by Xu et al. The authors showed that Ginkgo biloba aqueous extract was a useful natural source to synthesize silver nanoparticles by a green method. The authors also showed that the prepared silver nanoparticles were able to induce apoptosis in cervical cancer cells. They suggested that these silver nanoparticles could be used as an alternative therapy for cervical cancer.

Still in the context of natural products, we received the submission of a systematic review published by Ombredane et al. In this article, the authors presented an important overview on the use of curcumin, a plant-derived molecule, in the treatment of breast cancer, and how nanoencapsulation could improve the effectiveness of this compound. This approach is interesting, because several plant-derived compounds have problems such as instability and/or solubility, issues that impair their use in biomedical applications.

Another important application of nanoparticles in medical applications is the ability to modulate the pharmacokinetics of small-molecule drugs. Two review articles discussed the ability of different types of nanocarriers to optimize the effect of two small-molecule drugs, methotrexate and nimesulide. Yu et al. presented some insights regarding the use of nanoparticles as drug delivery agents to target methotrexate for both cancer and rheumatoid arthritis. And Ferreira et al. discussed the use of nanotechnology to improve the efficacy of nimesulide as a repositioned drug for the treatment of pancreatic tumors, due to its anti-inflammatory properties.

The last original article presented here was published by Cui et al. In this report, the authors describe a novel PLGA nanoparticle coated with red blood cell membranes and decorated with two different peptides. The aim of this interesting surface modification was to improve the crossing of the blood-brain barrier, a property that was achieved as shown in mice models for glioma. The strategy of using biological membranes in nanomedicine was also the subject of two review articles available in this edition. These two reviews, published by Ma at al. and Chen et al., described the potential use of extracellular vesicles, or exosomes, as candidate nanosized drug carriers for cancer therapy. These natural vesicles were the inspiration for liposome development, and are basically composed of a phospholipid bilayer containing cholesterol and also proteins, an organization resembling that of cell membranes. As the main advantage in comparison to liposomes, these natural vesicles can overcome natural barriers and can circulate freely in the bloodstream. Moreover, the presence of specific proteins on the vesicle surface can address these exosomes to specific target tissues. Limiting issues regarding the industrial biotechnology production of these natural nanocarriers are also discussed in the two review articles.

Finally, we present two review articles discussing some innovative approaches in the nanomedical field. First, Franco et al. present some important issues related to the tumor environment that could be used to trigger the release of carried drugs in the tumor site. This is an interesting approach that has also been published by our research group. Finally, Javed et al. reviewed some important aspects of gene signaling by miRNA as a potential therapy for colorectal cancer. The instability of nucleic acids requires the use of drug delivery systems, such as nanocarriers, that can protect and transport miRNA to target cells.

In conclusion, this special issue brings together a group of original and review articles addressing different aspects of nanomedicine. We believe that this published information can help to understand nanomedicine more deeply and to develop new therapeutic approaches for cancer. We are certain that all the high-quality information published in this issue is interesting both to researchers and to those interested in alternative cancer treatments using nanotechnological approaches.
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Methotrexate (MTX) is widely used as an anticancer and anti-inflammtory drug for treating various types of cancer and autoimmune diseases. The optimal dose of MTX is known to inhibit the dihydrofolatereductase that hinders the replication of purines. The nanobiomedicine has been extensively explored in the past decade to develop myriad functional nanostructures to facilitate the delivery of therapeutic agents for various medical applications. This review is focused on understanding the design and development of MTX-loaded nanoparticles alongside the inclusion of recent findings for the treatment of cancers. In this paper, we have made a coordinated effort to show the potential of novel drug delivery systems by achieving effective and target-specific delivery of methotrexate.

Keywords: methotrexate, cancer, liposomes, LPHNPs, NLCs


INTRODUCTION

The aim of achieving the utmost therapeutic efficacy with the fewest drug hazards is always a priority for any pharmaceutical researcher. The available therapeutic options, such as chemotherapy and radiotherapy, need skilled personnel to lead to better results from the target-specificity of the drug(s) in question. The traditional drug delivery systems earned popularity due to their economic, simple, and user-friendly approach, but recently developed specific drug-delivery systems, such as lipid-polymer hybrid nanoparticles (1), have drawn attention due to their target-specificity, effectiveness, and fewer adverse effects.

Methotrexate (MTX) (also known as amethoptrein; MW: 454 g/mol) is a widely used drug for multiple medical conditions, such as psoriasis, rheumatoid arthritis (RA), and cancer (2). This drug is also approved for the treatment of Crohn's disease by the U.S. Foog and Drug Administration (3). MTX (2,4-diamino-N10-methyl propylglutamic acid) was first synthesized by Seeger et al. nearly 65 years ago (4). Its structure encompasses three parts: (1) a pteridine ring, (2) p-aminobenzoic acid, and (3) glutamic acid (4). It is a weak, pH-dependent bicarboxylic acid having pKa values of 3.8, 4.8, and 5.6 with low permeability (log p = 0.53) (5). It is heat- and light-sensitive and degrades upon exposure, and its solubility in distilled water at 20°C is 0.01 mg/ml; suitable pH for MTX falls in the range of 6.6–8.2 (6).

Methotrexate blocks the activity of the dihydrofolatereductase (DHFR) enzyme and leads to the inhibition of DNA synthesis at higher dosages (2). MTX is not considered to be an antiproliferative agent in the inflammatory joints during RA pathology. However, lower dosages of MTX and its discontinuation show an anti-inflammatory effect of MTX (4). MTX-mediated inhibition of DHFR and other folate-dependent enzymes leads to the overproduction of adenosine, which drives immunosuppression (7). Despite initial obstacles to the use of novel drug-delivery systems (NDDS), the nanotechnology helps in achieving maximum drug therapeutics. Nanotechnology is seen as a promising strategy for the treatment of various medical conditions by active and passive targeting (8). The effectiveness of treatment is associated with the ability of a drug to target and affect the biological functions of ailing cells, leaving minimal damage to healthy tissues (8). Nanoparticles take advantage of unique characteristics, such as the enhanced permeation and retention (EPR) effect, a large surface-to-volume ratio, extended residence time in circulation, biodegradability, low toxicity, and small size in the range of 10–500 nm, thus conferring sustained and targeted drug delivery (9, 10). Efforts have been made to develop nanodrug delivery vehicles, including polymeric nanoparticles (PNPs) (11), lipid-polymer hybrid nanoparticles (LPHNPs) (12), nanostructured lipid carriers (NLCs) (13), solid lipid nanoparticles (SLNs) (14), and liposomes (15) for the controlled and targeted delivery of MTX. This paper reviews the development of surface-engineered, lipid-based nanocarriers (SLNs and LPHNPs), which are proposed to improve the delivery of drugs.

In the end, this review has been designed to explore the applications of MTX in different clinical settings with cancer. We discuss the role of NDDS to find out the solutions by improvising the treatment strategies. We believe this review is a compilation of our concerted efforts to cover all aspects and dimensions of drug delivery.



MECHANISM OF ACTION OF MTX AND CLINICAL PHARMACOLOGY


Clinical Pharmacodynamic

MTX inhibits the DHFR enzyme, which is required to reduce dihydrofolates to tetrahydrofolates before they are utilized as carbon carriers during purine nucleotide synthesis. Therefore, MTX hinders the synthesis, repair, and cellular replication of DNA (16). In addition to the abovementioned action for the clinical efficacy of MTX, several other interlinked biochemical mechanisms are involved, substantiating its usefulness in the treatment of other diseases, such as neoplastic diseases, psoriasis, and adult RA (7). MTX is more sensitive to actively proliferating cells, such as malignant cells, fetal cells, bone marrow, buccal and intestinal mucosa, and urinary bladder cells (2). MTX impairs malignant growth without irreversible damage to the normal tissues during cellular proliferation in which malignant tissues outgrow the normal tissues. The wider range of applications and selective action of MTX proves it to be an efficacious therapeutic drug (3, 4), and therefore, its pharmacology is extensively studied (13).



Clinical Pharmacokinetics

The pharmacokinetics of MTX were performed by various techniques (bacteriological assay followed by fluorometric assay). Currently, it is mainly measured in biological fluids by high-performance liquid chromatography or fluorescence polarization immunoassay (FPI) (2). Currently, FPI is in use for the measurement of plasma concentration when a high dose of MTX (> 1 g/m2) with the low limit quantitation (0.02 μM or 9 μg/l) is employed. The bioavailability of MTX delivered through different routes of administration is accounted and described below:


Oral Absorption

A high dose (≤ 25 mg) of MTX is generally administered through the oral route in a week. This was found to be dose-dependent, incomplete, and highly variable (absolute bioavailability range: 13% − 76%) (17). It has been observed that oral absorption is better at a dose of <40 mg/m2 (median bioavailability: 42%), and for dosage more than 40 mg (median bioavailability: 18%), use of the intravenous (IV) route is generally recommended. Moreover, oral administration of MTX (7.5 mg) is not influenced by food in healthy volunteers (17).



Subcutaneous (SC) Absorption

This is an alternative to the oral route as the drug is completely absorbed (MTX; 40 mg/m2) compared to that seen with the IV route when injecting in acute lymphoblastic leukemia children. Cmax was found to be 7.4 and 1.4 μM for subcutaneous and intravenous routes, respectively (18).



Intramuscular (IM) Absorption

This is an alternative to the oral route for achieving low-dose administration. The bioavailability of MTX when delivered through the IM route is found to be 76%, which falls in the range between the SC and oral routes (17). Further, it is also used off-label in the treatment of tubal ectopic pregnancy. It is administered as a 1 mg/kg or 50 mg/m2 formulation in a single- or multiple-dose regimen (19).



Intrathecal Absorption

This is used in some local treatment of hematological disease via systemic diffusion of MTX after regional administration at very low doses (6–15 mg) (20).



Distribution

Approximately 46% of MTX binds to human serum albumin. It is given as a prophylactic or curative treatment via the intrathecal route in combination with systemic treatment with a fixed dosage between 6 and 15 mg depending upon age (20). Generally, it is administered at higher IV dosage during primary or secondary CNS treatment. The penetration of the drug into the cerebrospinal fluid is less but clinically sufficient, and it does not depend on the administered dose (2 or 5 g/m2) (21).



Metabolism and Elimination

MTX is rapidly eliminated from the human body through the renal route (90% of an intravenously injected dose is excreted in 24 h and 95% in 30 h) after being metabolized into 7-hydroxy MTX. The aldehyde oxidase mediates the biotransformation, and the metabolite is found in blood, urine, and bile due to partial intestinal reabsorption; 1–2% of the drug is also found in stool samples of patients having an intravenously administered dose in the form of the parent drug and metabolites. It is known to have a terminal half-life of 8–15 h (22). The derivatives of MTX include 7-hydroxy MTX and 2,4-diamino-N10-methylpetroic acid, which have a similar half-life of 10.2 and 9 h, respectively. Once it enters the body, irrespective of the route, mean clearance is found to be 50–135 ml/min/m2 (23). In a study of leukemic children receiving 1 g/m2 MTX, a similar pattern of clearance was observed for 1–24 h (11 and 123 ml/min/m2, respectively).

Recently, various molecular determinants of MTX (drug metabolizing enzymes, transporter) have been discovered, and they are involved in the pharmacokinetic process to prevent drug interactions and understand their disposition. The membrane transporters OATP1B1, OATP1B3, MRP2, MRP3, MRP4, BCRP, and RFC regulate hepatic clearance, whereas OAT1, OAT3, MRP2, MRP4, BCRP, and RFC are involved in renal elimination (2).





RATIONALE OF USING MTX-LOADED DELIVERY SYSTEM

Despite being a widely used drug for the treatment of tumors and autoimmune disorders, the suboptimal pharmacological response of MTX limits its use (4).


Adverse Effects of MTX

The commonly noticed adverse effects of MTX are vomiting, nausea, anemia, diarrhea, dermatitis, bruising, hepatitis, pulmonary fibrosis, and bone marrow depression (4). MTX produces dose- and duration-dependent teratogenicity (24). MTX is not recommended for pregnant and breast-feeding women as it causes severe fetal defects, mainly neural tube defects (25), because of its teratogenic nature. Also, it affects the process of spermatogenesis, altering male fertility and producing congenital defects at 6–8 week of gestation (26). MTX could be iatrogenic because four cases of medical malpractice were reported in China due to overdose of MTX, including 10 (two cases), 15 (one case), and 20 mg (one case) per day rather than the weekly recommended dosage, and they led to mucositis and death (27). High and low doses of MTX may cause severe complications: a high dose (>1 g/m2) of MTX may result in kidney injury due to the crystallization of drugs or their derivatives inside the nephrons, prompting delays in renal elimination and rendering systemic toxicity (28). The delayed elimination has resulted in ≥grade 2 nephrotoxicity in 1.8 and 9.1% of osteosarcoma and lymphoma (elder) patients, respectively (2). There could be interindividual variability between 30 and 90% in peak levels, duration to achieve peak time, dose absorbance rate, and area under the serum concentration–time curve (29). MTX dose also plays a crucial role in the bioavailability of MTX as the higher dose is quickly eliminated by the kidneys, thus conferring its short half-life (5–8 h). Moreover, target specificity and drug efficacy are issues faced due to the administration of lower doses (4). The pharmacokinetics of MTX mainly depend on the route of administration when measuring the level of MTX in CSF and blood in rats. The low plasma levels in intranasally administered animals were comparable to those seen with the intravenous route, and greater MTX concentration was quantified in animals administered the drug through the intranasal route compared to the intravenous route (30). MTX was injected in a rodent animal model through transcutaneous puncture at the level of the cisterna magna, and it shows the cognitive and neurotoxic effects. In spite of the reduction seen in the folate levels in CSF and serum, a higher amount of homocystine was quantified, which supports the intrathecal delivery of MTX (31). Choudhary et al. administered MTX by the intraperitoneal route in mouse bone marrow with three different dosages (2, 10, and 20 mg/kg). It was found to be brutally effective in male mice compared to female mice. The intermediate dose of 10 mg/kg was found to be effective out of the concentrations tested (32). The use of implantable calcium phosphate systems in rabbits showed the extended release of MTX due to its adsorption on deficient apatite and favors enhanced antirheumatic activity (33).



Targeted and Controlled Drug Delivery System

The difference in t1/2 needs a continuous dose of MTX to achieve optimal bioactivity within its therapeutic range as its cytotoxicity directly depends upon the mean residence time in plasma (3). For the controlled release of the drug, an encapsulated lipid-based delivery system was developed for cutaneous administration of MTX, and it enhanced plasma t1/2 from 0.53–100 h (190 times), and lowered Cmax (120 times) with 130 times higher efficacy against L1210 leukemia cells (34) was estimated. Likewise, with intracavitary administration, t1/2 was reached in 39.6 h (encapsulated MTX) from 0.5 (unencapsulated MTX), and another lipid-based formulation injected via the intracisternal route was increased up to 5.4 days (encapsulated) from 0.30 (unencapsulated) (3). In addition, chitosan microspheres (35) and water-in-oil microemulsion (36) delivered MTX within the therapeutic range, and the inhibition of tumor growth was observed by extending apoptosis.

Therefore, the route of MTX may be an alternative approach, but the patient specificity might not work for all patients. The cause of side effects still exists irrespective of the route of drug administration. The controlled and targeted delivery approaches may have overcome the repetitive administration of MTX, but none of them are target-specific. Recently, many studies have been carried out to overcome the limitations of different NDDS. These NDDS provide better results in terms of safety, efficacy, target-specificity, improved bioavailability, and sustained drug release with higher stability of the therapeutic effect against various biochemical mechanisms. We discuss various drug delivery systems employed in cancer, RA, and psoriasis for MTX therapeutics.



Role of MTX in Cancer Therapeutics
 
Pathophysiology of Cancer

Cancer is the second leading cause of death around the globe (37), and according to global cancer statistics in 2018 (GLOBOCAN), there are 18.1 million new cancer cases with a death toll of 9.6 million (excluding data on non-melanoma skin cancer). Lung cancer is the most commonly diagnosed type of cancer (11.6% of the total) and the leading cause of cancer death (18.4% of total deaths) followed by female breast cancer (11.6%) (by combining both genders) (38). Cancer occurs due to interruption in the routine signal transduction mechanism mediated by a normal cell, and more than 277 types of cancers are diagnosed (37). It is mainly afflicted due to the specific DNA damage mediating several mechanisms, such as activation of proto-oncogenes by translocation or by point mutation and inactivation of a gene resulting in tumor formation (39). Chemical compounds also play a role in gene mutation, including smoking and environmental chemical substances (directly/indirectly influence the cytoplasm and nucleus and leads to the gene defect/disorder/mutation) (37). There are other carcinogenic factors, such as bacteria, viruses, and radiation responsible for around 7% of total cancers (40). Cancer disturbs the cellular mechanism and, thus, leads to inappropriate function of a gene, affecting the cell cycle and abnormal proliferation. Proto-oncogenes responsible for cell growth and division are converted into oncogenes during the mutation, disrupting the entire process. The tumor suppressor genes mediate uncontrolled cell division (37). DNA methylation, histone modification, and nucleosome position are some of the epigenetic factors playing an important role during cancer (41). The detailed mechanism of cancer at the molecular level has been reviewed (37, 42).



Underlying Mechanism of MTX Action in Cancer (Pharmacodynamic)

MTX is considered to be the “targeted” therapy in oncology since its development. Moreover, it was first used in acute lymphoblastic leukemia for its known character of the folate pathway–dependent antimetabolite drug aminoptrein (43). Ironically, it was starting to be used in clinical trials by 1953, but its intracellular targets and DHFR were discovered later (2). This is the first drug used as a single-agent therapy to cure cancer (44) and was used to treat types of cancer, such as leukemia, non-Hodgkin's lymphoma, breast cancer, head and neck cancer, stomach cancer, bladder cancer, bone cancer, and choriocarcinoma (a type of uterine cancer) (2). The oncologic mechanism plays a part in inhibition of purine synthesis, and it stops the cell cycle process in the S phase, subsequently leading to cell apoptosis (7). The mechanism of MTX as a folate antagonist has been considered as a main action in oncology. It acts as an antifolate agent, wherein folates are the building blocks that maintain cell growth (2). The cellular uptake of MTX mediated by the folate receptor group of proteins and their mechanism is described in the later section on RA. MTX mainly blocks the activity of enzyme 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase (ATIC) and inhibits the activity of DHFR, an enzyme responsible for catalyzing dihydrofolate (DHF) to tetrahydroflate (THF). The end product of this reaction inhibits the synthesis of thymidylate synthetase (TYMS), which plays a vital role during the synthesis of thymidine residues (7). It has been observed that it reduces the level of both the purine and pyrimidine pool in human T cells together by increasing the level of UTP and decreasing the level of ATP and GTP. It restrains T cell proliferation and enhances apoptosis (7).



Nanocarriers for the Effective Delivery of MTX in Cancer Therapeutics

The carrier is one of the most important entities essentially required for the successful transportation of loaded drug(s). The carrier systems are capable of doing so by either inherent or acquired (through structural modification) characteristics to interact selectively with biological targets, or they are engineered to release the drug in close proximity to the target cells in vitro, requiring optimal pharmacological action (therapeutic index) (45). Various potential drug delivery carriers and their structure are shown in Figure 1 (46).


[image: Figure 1]
FIGURE 1. Diagramatic illustration of various potential drug delivery carriers and their structures.



Polymeric Nanocarriers (PNPs)

Polymeric nanoparticles, polymeric micelles, and dendrimers are the commonly used nanocarriers for the delivery of bioactives (47). PNPs are a type of colloidal drug-delivery system in which the active drug is reduced to the nano-size range (10–1,000 nm), and biodegradable or non-biodegradable polymers are used for the sustained release of the drug (48). Nowadays, biodegradable polymers are used as they are compatible with the body, and no harmful products are formed upon their degradation. Synthetic [polylactic-co-glycolic acid (PLGA), poly(lactic acid) particles (PLA), poly glutamic acid (PGA)] and natural (collagen, chitosan, gelatin) polymers are used in the formulation of PNPs (49). Solvent evaporation, nano-precipitation, emulsification, dialysis, spray drying, salting out, freeze-drying, etc., are commonly used methods for the preparation of PNPs (50).

All polymeric nanoparticle–mediated delivery systems for methotrexate that show an improved drug efficacy for crossing the blood–brain barrier and therapeutic efficacy against brain cancer (11) (Figure 2). However, difficulty in scaling up and understudied toxicological studies limits their use and poses challenges to their use as potentially effective novel scale drug carriers (Table 1).
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FIGURE 2. Illustration of the polymeric nanoparticles mediated delivery of methotrexate showing an improved drug efficacy for crossing the blood brain barriers and therapeutic efficacy against brain cancer.



Table 1. The advantages and limitations of various nano delivery systems.

[image: Table 1]

Polymeric micelles are an impressive drug delivery system for poorly water-soluble drugs consisting of hydrophilic polyethylene glycol (PEG) with the particle size range of 10–100 nm, exhibiting EPR and enhanced drug accumulation at the target site (51). Additionally, a computational approach helps in the tailored design of an improved micelles system for multiple drugs in cancer therapy (52). Chen et al. prepared the pluronic-based polymeric mixed micelle (F127/P105-MTX) and compared it with a conventional MTX-loaded polymeric micelle against the overly expressed folate receptor tumor cells in vitro (KBv cells) and in vivo (KBv tumor-bearing mice). F127/P105-MTX showed the higher (1.36-fold) cellular uptake compared to the conventional conjugate micelle in KBv cells and enhanced antitumor efficacy (53). This result indicates that it could be a possible safe and effective nano-drug delivery system for folate receptor–rich cancer therapy. The hydrophobic core, which is mostly a non-degradable polymer, such as polyacrylamide or polyacrylate, is a concern. Therefore, recently, a bioreducible cross-linked core polymer methoxypoly(ethyleneglycol)-b-poly(ε-caprolactone-co-α-azido-ε-caprolactone) (mPEG-b-poly(ε-CL-co-αN3εCL)) has been used, and this MTX-loaded core cross-linked micelle was assessed in human breast cancer MCF-7 cells (54). The sustained drug release (76% present inside the cross-linked micelle after 96 h at 37°C in PBS as compared to 90% drug was seen released in the un-cross-linked one) localization at the targeted site (94% uptake without affecting its entry), no toxicity, and significant higher cell death occurred via apoptosis, which make the core cross-linked micelles an emerging and attractive drug delivery system. However, drug release under a reducing environment and further validation through in vivo experiments are required (54). Similarly, a novel micelle poly (2-hydroxyethyl methacrylate-Lactide-dimethylaminoethyl methacrylate quaternary ammonium alkyl halide) [P(HEMA-LA-MADQUAT)] was developed for the codelivery of two different anticancer drugs; MTX and chrysin, assessed in MCF-7. Based on cytotoxicity assays, enhanced anticancer activity and suitability as a nanocarrier delivery system showed its importance for use as an anticancer codelivery system for in vivo studies followed by clinical trials (55).

To enhance the cellular uptake at the tumor site together with sustained drug release, the novel approach of surface functionalization and changes in the shape of the nanoparticles is proposed as elongated nanoparticles are reported to achieve better drug-delivery efficacy compared to spherical ones (56). Lin et al. used their own previously synthesized PNPs to make functionalized MPEG-PLA-MTX-Cy5.5 nanobacillus by a self-assembly technique in addition to the extrusion-induced transition for local drug delivery at the tumor site (56). The in vivo (H22 tumor bearing mice) result delineates that intratumorally injected MPEG-PLA-MTX-Cy5.5 showed better target-specific intracellular localization in addition to effective antitumor activity compared to the free MTX and other MPEG-PLA PNP core without drugs. These formulated NPs were employed for conducting in vivo fluorescence imaging (56). This novel approach to a delivery system indicates its use for local and tumor-specific cancer therapy without harming the normal tissues, and therefore, it may become a promising delivery system for target-specific cancer treatment. The use of polymeric micelles only for lipophilic drugs, low drug-loading efficiency, and dependency on the concentration of micelle concentration of these carriers are a few obvious limitations. These limitations need to be addressed prior to licensing these carriers for effective delivery of drugs to strategize a treatment strategy against cancer or autoimmune diseases (Table 1).

Dendrimers, are small-sized denritic polymers, a well-organized 3-D structure having a symmetric core and an inner and outer shell, that maintains its structure, density, and function of the surface (57). They have been in use for drug delivery and gene therapy, including other biomedical and translational applications, to study various parameters related to pharmacokinetics and drug delivery systems (58) because they may be used for both hydrophilic and hydrophobic drugs delivered through different routes of administration (59). Kong et al. prepared MTX complexes of classic poly amidoamine (PAMAM) and PEGylated (PAMAM-PEG) dendrimer and administered the formulation in tumor-bearing mice through the intravenous route of administration. The plasma half-lives and mean retention times of MTX complexes were estimated to be higher than MTX with higher antitumor activity (60). Advancement of technologies allowed the deployment of different types of MTX-conjugated dendrimers prepared through various linkages to enhance the antitumor activity (4). Dongen et al. show the binding mechanism of generation 5 (G5) monomer (G5) & dimer (G5-G5) PAMAM-MTX dendrimers with folate-binding protein (61). To address the issue of drug retention, the approach of a dendrimer-conjugated drug with a linker was used by reducing the length of the linkers to make the MTX conjugates (200 Da PEG chain) compared with larger linker conjugates of (GFLG) 450 Da & (GILGVP) 650 Da (62). The smaller length of the linker resulted in less exposure of MTX present in the dendrimer core of PEG and increased bioavailability and transport. These results indicate the potential use of a subcutaneous route for targeted drug delivery specifically for lymphatic sites. Recently, novel dendrimers of MTX (MTX/PGD) were prepared with a co-dendrimer from PAMAM and oligoethylene glycol (OEG) dendrimers to assist in the antitumor efficacy in vitro (MCF-7 & 4T1 cells) and in vivo (4T1 breast tumor model of BALB/c mice) (63). Significant results in both conditions (cell cytotoxicty IC50 after 48 h for MCF-7 and 4T1 was 7.5- and 8-fold higher in MTX/PGD compared to the free MTX) show the potential of MTX/PGD as a promising nanoparticle system with higher stability and sustained drug release due to its highly branched structure and effective biocompatibility (63). Recently, current status in the development of dendrimer-based nanomedicine has been reviewed (64). The poor carrier capacity of dendrimers, rendered cellular cytotoxicity, elimination and metabolism depending on the generation and materials, and high cost of synthesis are obvious limitations of dendrimers (Table 1).



Liposomes

Liposomes are artificially prepared spherical vesicles that are composed of a phospholipid bilayer in which cholesterol is usually added to confer stability to the lipid bilayer for optimum drug release (65). Liposomes are composed of one or more lipid bilayers and categorized as small unilamellar vesicles (SUV), large unilamellar vesicles (LUV), and multilamellar vesicles (MLV) (66) based on their size and number. They are versatile as they may deliver both hydrophilic and lipophilic therapeutic agents (67, 68). Moreover, targeting can be achieved by anchoring ligands on the surface of the liposomes that are specific to a particular cell type. The choice of phospholipids used during the preparation of liposomes largely depends upon the desired rigidity and permeability (65, 69).

The poor water solubility of MTX and good lipophilic properties of liposomes establish their use for its effective delivery (3, 4). Despite the advantages of the liposomal drug delivery system, the foremost goal of NDDS is to improve the bioavailability of the therapeutic agents and reduce the side effects by enhancing the pharmacokinetic and pharmacodynamic properties (68).

The interest in local targeted drug delivery systems gained attention as muco-adhesive patches of MTX-loaded liposomes (MTX-L) were prepared by the thin film hydration method using phosphatidylcholines (PC) and cholesterol (70) for targeted delivery in oral cancer to circumvent side effects of conventional methods, including chemotherapy, radiation, and surgical excision. MTX-L was cast in muco-adhesive film by using different polymers, such as hydroxyethyl cellulose (HEC), PVA, PEG, and chitosan (CH), and assessed for their parameters, including thickness, weight, percentage swelling index, sustained drug release, and pattern (70). An in vitro cell viability assay confirmed the significant cell death measured by IC50 was 180 μg/mL (free MTX) and 75 μg/mL (MTX-LP-F7, different mucoadhesive buccal films with different concentrations of polymer). In conclusion, the liposomes prepared for oral delivery by using different polymers may have the advantage for sustained drug release with increased bioavailability. The MTX patches can surpass the limitation of site-specific oral chemotherapy with the reduced side effects and lower doses needing in vivo validation. Of late, the role of surface functionalization and different targeting strategies for the liposomal drug delivery system in solid tumors have been extensively studied (71). Despite the abovementioned advantages, following are the limitations of liposomes as nanodrug delivery vehicles (Table 1):

a) Liposome-encapsulated drugs require a high production cost.

b) Liposomes may have leakage and fusion of encapsulated drugs.

c) The liposome phospholipid may undergo oxidation and hydrolysis.

d) Liposomes have a shorter half-life and lower solubility.



Solid Lipid Nanoparticles (SLNs)

The different issues related to drug delivery, regulatory affairs, and the availability of cheaper liposomal formulation are some of the concerns related to the development of an advanced nanoparticle, resulting in the formulation of first-generation nanoparticles. These nanoparticles prepared using solid phase lipids and surfactants are famously termed “solid lipid nanoparticles” (72). The solid lipid remains in its intact form at body and ambient temperatures, whereas surfactants are used as an emulsifier in the range of 0.5–5% to confer stability (72, 73). Among the methods used for the preparation of SLNs, commonly used methods are high-pressure homogenization; high-shear homogenization; and ultrasound, hot/cold homogenization, solvent evaporation, spray drying and emulsification (72, 74). The drug load in SLNs is dependent upon the solubility of the drug molecule in the lipid, the polymorphic state of the drug molecule, and the properties of the solid lipid matrix (73). SLNs may be administered by different routes, such as oral, parenteral, nasal, ocular, and transdermal. The release of the drug from SLNs is inversely related to the partition coefficient of the drug and its crystalline behavior (74). Based on the preparation method, SLNs are divided into three main types: (1) solid solution, (2) drug-enriched shell, and (3) drug-enriched core (74). These NPs have the advantages of drug stability, sustained release of drugs, less toxicity due to the absence of organic solvents, biodegradability, feasibility for both kind of drugs, and easy handling of regulatory affairs (72, 74, 75). Solid lipid nanoparticles have many potential applications in developing therapeutic interventional approaches against cancer chemotherapy, brain targeting, parasitic diseases, tuberculosis, gene delivery, and in dermatological preparations (72, 73, 75).

The overexpression of lectin receptors on cancerous cells was used as a target, and MTX-SLNs were prepared by the hot microemulsion method followed by fucose coating (MTX-SLN-F). The in vitro cell cytotoxicity (MCF-7 cells) was reported (IC50) to be higher in MTX-SLN-F (~2 μg/mL) compared to MTX-SLN (~3 μg/mL) and free MTX (~7 μg/mL) after 72 h with an increased cell uptake of ~70% after 3 h in the case of MTX-SLN-F compared to ~45 and ~10% for MTX-SLN and free MTX, respectively (14). The in vivo antitumor effects of MTX-SLN-F and free intravenous MTX injection were observed in breast cancer–bearing female Wistar rats and the percentage of tumor burden was significantly high (P < 0.001): ~ 30, 53.8, and 62% by MTX-SLN-F, MTX-SLN, and free MTX after 4 weeks of treatment, respectively. There was no mortality found after several rounds of injection in the case of MTX-SLN-F compared to 66.66 and 50% of mortality observed in free MTX and MTX-SLN formulation 10 weeks posttreatment (14). Results of the experiments favored the approach of preparing a ligand-anchored SLN-encapsulated drug for breast cancer therapy. Recently, Battaglia et al. prepared MTX-SLN by using the method called “coacervation” (76): a solvent-free method wherein fatty acid precipitation was seen due to the reduction of pH by acidification of micellar solutions in the presence of a polymeric stabilizer (77). They used the prepared SLNs against a glioblastoma multiforme (GBM) stage IV glioma. Didoceylmethotrexate (ddMTX), a lipophilic MTX ester, is used as MTX has issues with entrapment. The in vitro cytotoxicity against rat F98 cells was found to be encouraging (however, not significant) and provided some preliminary data for GBM (77). All above-given accounts suggest an advantage of SLNs over traditional drug-delivery systems for poorly water-soluble drugs. It is advised that SLNs be used as efficient delivery systems. However, there are some constraints in using these SLNs, and they include low drug-loading capacities, presence of alternative colloidal structures (micelles, liposomes, mixed micelles, drug nanocrystals), the complexity of the physical state of the lipid (transformation between different modifications), and the possibility of super-cooled melts, which cause stability issues (Table 1).



Nanostructured Lipid Carriers (NLCs)

Second-generation solid lipid nanoparticles called “nanostructured lipid carriers” (NLCs) are formulated to address the existing limitations of SLNs (72, 74). NLCs are the most preferred nanodrug delivery system nowadays among NDDS due to their advantage over others with respect to physical stability, improved drug entrapment and loading efficiencies, bioavailability, and drug release modulation (78). NLCs are colloidal lipid nanoparticles prepared by mixing solid and liquid lipids together with surfactants (as an emulsifier). Most of the drugs are fairly soluble in liquid lipids compared to solid lipids; thus, the drug leaching observed with SLNs is overcome by the entrapment of the drug (72, 79). During the preparation and storage of NLCs, the formulation goes through lower temperatures during homogenization and crystallization. The cooling process decreases the solubility of the drug in the lipophilic phase, therefore, showing drug expulsion from the nanoparticles, especially with the use of higher concentration drug formulations (78–80). A drug can be encapsulated in the space between the solid lipid molecules in a crystalline structure that is created due to the imperfections in the organization of the crystal. Thus, the higher the disturbance in a crystalline structure, the more the drug is encapsulated (72, 74, 79, 80). For achieving maximum stability, the recrystallization of the lipid in the cooling process is reduced and retarded in the case of NLCs compared to the extent seen in SLNs because the crystal order is highly disturbed because of oil particles remaining in the liquid phase in NLCs (74, 79). The engineering of NLCs is aimed at increasing drug loading of therapeutic agents and preventing the leakage of drugs upon storage (79, 81, 82). High-pressure homogenization, hot/cold homogenization, solvent evaporation, emulsification, solvent diffusion, solvent emulsification-evaporation, phase inversion, solvent injection/displacement method, etc., are some of the commonly employed methods for the preparation of NLCs (74, 79, 81). Different types of liquid lipids—mainly soybean oil; medium chain triglycerides/caprylic- and capric-triglycerides; oleic acid; corn oil; and solid lipids, such as stearic acid, glyceryl monostearate, cetyl palmitate, glyceryl palmitostearate, glyceryl behenate, grades of witeposl® and softisan®–are used in the preparation of NLCs (81, 83). Surfactants (Tween 80, lecithin, poloxamer 188, Polyglyceryl-3-methylglucose distearat, sodium dodecyl sulfate, sodium deoxycholate, Tween 20, MyverolTM 18-04K, PVA, solutol® HS 15 and polyoxyl castor oil) are used during the preparation of NLCs to provide stability to the formulation. Drug-loaded NLCs are administered by oral, topical, parenteral, and ocular routes to address brain-related issues (72, 78, 80, 81, 83). In cancer therapy, two important factors, namely real-time monitoring or diagnosis and treatment of affected tissues, play a central role. By focusing on these aspects, Kohler et al. formulated magnetic nanoparticles using a modified coprecipitation method (84). Magnetite, Fe3O4, nanoparticles were first surface-modified with (3-aminopropyl) trimethoxysilane (APS) to make the self-assembled monolayer followed by amidation between carboxylic acid end groups on MTX and an amide group present on the surface of the particle. Prepared MTX-NLCs were studied in MCF-7 and human cervical cancer cells (HeLa) for drug efficacy and drug release to determine the cell uptake (84). Cell viability after 120 h was found to be similar to free MTX. The cell uptake via MTX-NLCsbyMCF-7 (20 times) and HeLa (10 times) was found to be higher. TEM image analysis after the internalization of MTX-NLCs confirms the release of MTX within the lysosomal compartment (84).

The preparation strategies of NLCs, considering selection of solid and liquid lipids, type of surfactants and their formulation, play an instrumental role in biomedical applications in cancer therapy (85) and autoimmune systemic inflammatory diseases, such as psoriasis and RA (86). At present, research on NLCs is limited to preclinical studies with clinical applications remaining far from realization. There are some limitations, such as the presence of organic solvent residue, uneven distribution, complex production process, and poor stability (Table 1).



Lipid Polymer Hybrid Nanoparticles (LPHNPs)

The low solubility, dose-related toxicity, non-specificity, rapid diffusion throughout the body, short half-life in the bloodstream, and development of drug-resistance of conventional lipid- and polymer-based nanoparticles by the target cell (87) are some of the glaring issues with the existing drug-delivery vehicles. The innovative NDDS lipid–polymer hybrid nanoparticles (LPHNPs) combine the attributes of polymeric and lipid nanoparticles (PNPs) (46, 87–89). Lipophilic and poorly water-soluble drugs can be incorporated in the hydrophobic core of the polymer. They are prepared by two methods: (1) two-step (conventional and non-conventional) and (2) one-step (by nano-precipitation and emulsification-solvent-evaporation) (89, 90). LPHNPs offer a versatile drug-delivery system with better drug entrapment, controlled and sustained drug release, great in vitro and in vivo stability (89). In addition, the lipid layer slows down the rate of polymer degradation of LPHNP products by limiting inward water diffusion and helps the sustained-release kinetics of loaded content (89). The properties of LPHNPs advocate for their utility and prove advantageous over existing delivery vehicles (87, 91). Thus, well-designed LPHNPs contain hydrophobic polymeric core functions, whereas the surrounding lipid coat is a biocompatible shield and a barrier preventing the fast leakage of water-soluble drugs (92, 93). Properties such as biocompatibility, biodegradability, sustained drug-release profiles, and greater loading capacity are attributed to a stable, high-payload, targeted drug-delivery system that might maximize chemotherapeutic efficacy against targeted cancer cells (90, 94). Recently, self-assembled polymer-lipid hybrid NPs were developed aiming at overcoming the limitations seen with conventional drug-delivery systems. The polymer-lipid hybrid NPs gained significant attention for drug and gene delivery (95, 96). LPHNPs were engineered with an intent to explore the characteristics of lipid and polymeric nanoparticles in one delivery system (89, 91) to achieve controlled and targeted drug delivery for the treatment of cancer and other inflammatory diseases (90, 97). Therefore, Tahir et al. used different concentrations of polymer (PLGA), lipid (Lipoid S100), and surfactant (Lutrol® F-68) for the preparation of MTX-LPHNPs by the single-step, self-assembly, modified nano-precipitation method to check the influence of variation on particle size, entrapment efficiency (EE), and drug release using a three-level box Behnken design (Design-Expert®software) (98). Particle size range was increased with polymer concentration, whereas EE was dependent on both the lipid and polymer concentrations. The antiproliferative activity against the PC3 and MDA-MB-231 cells by the ATP activity–based assay showed higher growth inhibition even at the highest concentration (200 μg/mL) when MTX was encapsulated in LPHNPs compared to free MTX (98).

The surface of NPs is conjugated with the targeting molecules, which are recognized by the receptors expressed by the ailing cells (99) to achieve better targeting efficiency and offer novel and much better cancer therapeutic approaches (100–103). Further, active targeting of LPHNPs increases the probability of drug availability at the target site, which eventually reduces the chances of exposure of healthy cells and reduces adverse effects (104). The overly expressed membrane receptors (lectin receptors/LRs) are exploited by the drug targets during tumor pathogenesis (105–108). The presence of lectin (carbohydrate) moieties on the surface of therapeutic NPs can efficiently enhance specificity and binding affinity, eventually leading to significantly higher cellular uptake through receptor-mediated endocytosis (105, 107–111). The lectin receptor-mediated targeting employs the interaction of endogenous ligands with different sugar moieties, such as galactose (G), mannose (M), fucose (F), fructose, and lactose (109–112). This nano-carrier system results in glycosylated carriers comprising carbohydrate as stratum ligands, which are known for quick internalization through lectin receptor-mediated endocytosis (105–108).

MTX-acelofenac (ACE)-loaded LPHNPs were prepared by a single-step, self-assembled, nano-precipitation method to achieve codelivery of MTX and ACE in fucose-anchored LPHNP (LPHNP-MTX+ACL-Fu) approaches against breast cancer cells (MCF-7 and MDA-MB-231) (88). The immediate localization (within 2 h of incubation), enhanced bioavailability (8–10 times higher than free drugs), and higher cell cytotoxicity (increased cell death of MTX during coencapsulation with ACL compare to free drugs) was observed in the MTT assays conducted in vitro (88). The in vivo experiments were carried out in DMBA-induced cancer BALB/c mice. The pharmacokinetics (mean residence time 5–6 times higher than free MTX and ACL), sustained drug release (measured up to 72 h when administered intravenously), and antitumor activity (residual tumor burden 19.54%, 33.73%, and 163.8% for LPHNP-MTX+ACl-Fu, LPHNP-MTX+ACl, and normal saline-untreated control for 5 weeks, respectively) (88) confirmed the synergistic effects as evaluated by the pharmacological parameters, conferred by the codelivery of drugs. Later on, fructose-tethered MTX and beta carotene (BC)-loaded LPHNPs (F-MTX+BC-LPHNPs) were engineered by the self-assembled nano-precipitation method for the treatment of breast cancer to find out the role of BC on MTX-mediated cytotoxicity (113). F-MTX+BC-LPHNPs showed a high apoptosis index (0.89) in MCF-7 cells and sustained drug release in a biphasic manner up to 120 h for F-MTX+BC-LPHNPs and MTX+BC-LPHNPs, resulting in improved bioavailability with enhanced localization at the tumor site. Similarly, female Wistar rats bearing cancer induced by DMBA were injected with different formulation's repeated intravenous administration (once in 3 days) [114]. The tumor progression was measured 30 days posttreatment and found to be 32% in F-MTX+BC-LPHNPs compared to 43.2 and 63.1% with MTX+BC-LPHNPs and free MTX, respectively. Moreover, β-carotene helps in the refinement of renal and hepatic toxicity [114] when mixed in the formulations. Results uncover the potential use of bioactives in the future with LPHNPs for targeted and sustained drug delivery for various treatments of cancer, autoimmune diseases such as RA, and psoriasis.

We have, as have others (1, 90), recently reviewed the current status and future application of LPHNPs in details for cancer therapeutics (46).






CONCLUDING REMARKS AND FUTURE DIRECTIONS

Various studies demonstrate MTX as a revolutionary medicine in the field of biomedical sciences as it shows significant therapeutic potential, selective targeting, robust biological response, and ensured safety. In addition, the residence time of MTX in NLCs is extended in blood circulation and, thus, permits MTX to accumulate at the desired sites. There is lots of research going on focusing on combinatorial cancer therapy and in inflammatory disorders, and it is likely to expand in the future. Moreover, the MTX platform may be utilized for multiple activities simultaneously with imaging and drug-delivery characteristics. They may have multiple applications in cancer chemotherapy and other clinical settings.
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MTX, Methotrexate; MW, Molecular weight; RA, Rheumatoid arthritis; DHFR, Dihydrofolatereductase; NDDS, Novel drug delivery systems; NPs, Polymeric nanoparticles; LPHNPs, Lipid polymer hybrid nanoparticles; NLCs, Nanostructured lipid carrier; SLNs, Solid lipid nanoparticles; HPLC, High performance liquid chromatography; FPI, Fluorescence polarization immunoassay; IV, Intravenous; SC, subcutaneous; IM, Intramuscular; CNS, Central nervous system; CSF, Cerebrospinal fluid; PLGA, Polylactic-co-glycolic acid; PLA, Poly lactic acid; PGA, Poly glumatic acid; PEG, Polyethylene glycol; EPR, Enhanced permeability and retention time; ATIC, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase; PC, Phosphatidylcholine; AUC, Area under the curve; EE, Entrapment efficiency; GVHD, Graft versus host disease; aGVHD, acute graft versus host disease; cGVHD, Chronic graft versus host disease; ACE, Acelofenac; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; BC, Beta carotene; DMBA, 7,12-Dimethylbenzathracene; RF, Rheumatoid factor; ACAP, Anti-citrullinated peptide antibodies; AUR, American college of Rheumatology; EULAR, European League Against Rheumatism; csDMARD, Conventional synthetic diseases-modifying antirheumatic drugs; bDMARD, Biological DMARD; HA, Hyaluronic acid; FA, Folic acid; AIA, Adjuvant induced arthritis; siRNA, Small interfering RNA; APCs, Antigen presenting cells; LFA, Lymphocyte functional antigen; Th cells, T helper cells; PASI 75, Psoriasis area and severity index; SUV, Small unilamellar vesicles; LUV, Large unilamellar vesicles; MLV, Multilammellar vesicles; OA, Oleic acid; NIPAM, N-isopropylacrylamide; PEG2, Prostaglandin E2; GFLG, Glycine-phenylalanine-leucine-glycine; GILGVP, Glycine-isoleucine-leucine-glycine-valine-proline; HCT, Hematopoietic cell transplantation; BSA, Body surface area; GM-CSF, Granulocyte-macrophage colony-stimulating factor; ABCC, ATP-binding cassette proteins.
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Biosynthetic silver nanoparticles (AgNPs), specifically formed using medicinal plant extracts, have recently exhibited a remarkable therapeutic effect due to their anticancer potential. Here, we synthesized AgNPs using an aqueous extract of Ginkgo biloba leaves and evaluated its activity against cervical cancer (CCa) and the related molecular mechanisms. The physiochemical properties of the AgNPs were measured by ultraviolet-visible spectrophotometry, nanometre particle size analyzer and transmission electron microscopy. The AgNPs effects on cell proliferation and apoptosis were investigated through MTT, MTS, and colony formation assay; Hoechst 33258 staining; and flow cytometry. The intracellular ROS and oxidative stress levels were assessed using the appropriate commercial kits. Apoptosis-related protein levels were determined by western blotting. We prepared a series of different sized ginkgo extract synthesized AgNPs (GB-AgNPs), and the smallest mean particle size was 40.2 ± 1.2 nm with low polydispersity (0.091 ± 0.011), zeta potential values showed -34.56 mV. Compared to the controls, the GB-AgNP treatment inhibited the cell proliferation and induced the apoptosis of HeLa and SiHa cells. In addition, GB-AgNP treatment led to markedly increased levels of intracellular ROS, the release of cytochrome c (Cyt C) from mitochondria into the cytosol and the cleavage of caspase -9 and -3 in both CCa cell lines. Moreover, NAC, an ROS scavenger, eliminated the effect of GB-AgNPs on the HeLa and SiHa cells. This study reveals that GB-AgNPs suppresses cancer cell proliferation and induces apoptosis by upregulating intracellular ROS generation and inducing the activation of the caspase-dependent mitochondrial apoptotic pathway in CCa cells. Thus, GB-AgNPs may be a potential alternative drug for CCa therapy.
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Introduction

In the past several decades, cancer has ranked as the second leading cause of death in worldwide (1). For females, cervical cancer (CCa) is becoming more prevalent, in terms of both incidence and mortality, which are ranked fourth, globally (2). Despite new chemotherapeutic agents, human papillomavirus vaccination and other therapeutic approaches, which seem to offer effective control or prevention of cervical cancer, metastatic CCa is an incurable tumour for which new anticancer agents and therapeutic strategies are urgently needed (3, 4).

Nanoparticles (NPs) are new materials with dimension between approximately 1 and 100 nm in at least one dimension and in as many as three dimensions (5). Due to their physiochemical properties and characteristics, NPs exhibit therapeutic potential for numerous diseases (6). Silver nanoparticles (AgNPs) constitute a new type of nanometal particle that has been widely used in biological, medical, and engineering science (6). In particular, synthetic biologically active AgNPs have exhibited extensive therapeutic potential with broad spectrum antibacterial, antifungal, anticancer, anti-inflammatory, wound healing, antioxidative, and anti-diabetic activity (7–9).

In this study, our group applied an aqueous Ginkgo biloba leaf extract (GB-extract) as a reducing agent during AgNPs synthesis. G. biloba, commonly known as gingko or ginkgo, is classified in the Ginkgoaceae family and Ginkgo genus (10). Gingko leaf extracts have obvious effects as treatments for coronary heart disease, angina pectoris and hyperlipidaemia, and they exhibit anticancer, anti-inflammatory, antioxidant, anti-allergic, anti-ulcerogenic, and antibacterial activities because they are enriched in active metabolites, such as vitamin C, vitamin E, octacosanol, β-sitosterol, stigmasterol, alkaloids, and a variety of flavonoids (11, 12). In our study, we found that gingko leaf extract-based synthesis of silver nanoparticles (GB-AgNPs) exhibited good inhibitory effects on cell proliferation and induced the apoptosis of CCa cells. However, the molecular mechanism by which GB-AgNPs affect on CCa cells remains unknown.

Several studies have shown correlations between the activation of apoptosis and various synthetic AgNPs based on different medicinal plants. Recent evidence indicates that different mechanisms are involved in AgNP-induced apoptosis; such as ER stress mediation, altered ubiquitination, changed intracellular calcium (Ca2+) concentration, and induced reactive oxygen species (ROS) production (13–16). In this study, we analyzed the characteristics of GB-AgNPs and the inhibition of cervical cancer cell proliferation to investigate the underlying mechanism of GB-AgNP-induced apoptosis in cervical cancer cell lines.



Materials and Methods


Chemicals, Solvents, and Antibodies

For cell cultures, DMEM, FBS, penicillin, streptomycin, and trypsin-EDTA were purchased from GE Life (HyClone, USA). DMSO, MTT, MTS, and Hoechst 33258 were purchased from Sigma (Santa Clara, USA). An annexin V-FITC/PI apoptosis detection Kit, reactive oxygen species (ROS) assay kit, malondialdehyde (MDA) assay kit, glutathione peroxidase (GSH-Px) assay kit and superoxide dismutase (SOD) assay kit were purchased from KeyGen Biotech (Beijing, CN).The primary antibodies against β-actin, Bax, Bcl-2, Caspase-9, Caspase-3, Cyt C, and Vadc 1 were purchased from Cell Signaling (Massachusetts, USA). Horseradish peroxidase-conjugated goat anti-rabbit antibody was also purchased from Cell Signaling and was used as the secondary antibody. All the other fine chemicals and solvents used for this study were of analytical grade.



The Extract of Ginkgo Biloba Leaves

G. biloba grown in the Taizhou region and ginkgo leaves were purchased from in the local public market (Taizhou, CN). The ginkgo leaves were washed three times with deionized water, freeze-dried, and pulverized through a 40-mesh sieve, and stored in a darkened room at 4 °C. The resulting gingko leaf powder (1.0 g) was dissolved in ultrapure water (60 ml), placed in an ultrasonic bath at 80 °C for 30 min, and cooled. After centrifugation at 10,000 g for 20 min, the supernatant was obtained to generate aqueous extracts of the G. Biloba leaves (GB-extracts).



Synthesis and Characterization of the GB-AgNPs

Different concentrations of GB-extracts and AgNO3 were combined to synthesize GB-AgNPs at different temperatures and time. Detailed synthetic conditions are shown in Supplementary Materials Table 1. The size of the AgNPs was determined using a nanoparticle size analyser, and the synthesis conditions were determined, with conditions for synthesizing the smallest mean particles found to be the best. The synthesized silver nanoparticle gel solution was freeze-dried to obtain GB-AgNP powder.

The physiochemical properties and characteristics of the GB-AgNPs were analyzed by ultraviolet-visible spectroscopy with absorbance between 200 and 800 nm (Shimadzu, Japan), and the particle size and shape were measured by a NanoBrook Omni nanometre particle size analyser (Brookhaven, USA) and an HT-7700 transmission electron microscope (Hitachi, Japan).



Cell Lines and Culture

Human cervical epithelial cells (HcerEpic cell), HeLa, and SiHa human CCa cell lines were purchased from ATCC (Manassas, USA). The cells were cultured in DMEM supplemented with FBS (10%, v/v), penicillin (100 U/ml), and streptomycin (100 μg/ml) at 37 °C in a humidified incubator with 5% CO2. The cells were passaged when the confluence reached 80%. The cells in the logarithmic growth phase were used for assays.



Cell Viability and Proliferation Assay

Cell viability and proliferation were determined using MTT, MTS, and colony formation assays were performed as described in our previous reports (17). Briefly, for MTT assay, cells were incubated in 96-well plates and exposed to the indicated concentration of 40, 60, 90 nm GB-AgNPs or GB-extracts or AgNO3 or no-treatment control for 24 h. 10 µl MTT (5 mg/ml) was added to each well and incubated for 4 h. The medium was replaced with 150 µl of DMSO to dissolve the crystal formazan dye and absorbance was detected at 540 nm using an ELX808IU Microplate Reader (BioTek, USA). For MTS assay, cells were plated in 96-well plates and exposed to the indicated concentrations of 40 nm GB-AgNPs or no-treatment control for 12, 24, and 36 h. 20 µl of MTS was added to each well and incubated for 1 h, after which the absorbance of the MTS signal was calculated after absorbance detection at 490 nm. For colony formation assay, cells were treated with the indicated amount of 40 nm GB-AgNPs or no-treatment control for 24 h and cultured at a density of 500 cells/well in 6-well plates. Then the medium was changed every 3 d, and after two weeks cell colonies were stained with Giemsa stain solution (Solarbio, CN). Visible colonies were photographed and counted using a Gel DocTMXR+ Molecular Imager system (BioRad, USA).



Hoechst 33258 Staining

Hoechst 33258 staining was performed as described in our previous report (17). Briefly, cells were seeded in 6-well plates and added to indicated concentrations of 40 nm GB-AgNPs or a no-treatment control for 24 h, and then were stained using a Hoechst 33258 Staining Kit according to the manufacturer’s instructions. The morphology of the apoptotic cells was observed, and the number of cells was counted under an IX73-AF12/PH fluorescence microscope (Olympus, Japan).



Flow Cytometry

Cells were seeded in 6-well plates and added to different concentrations of 40 nm GB-AgNPs or a control for 24 h. The apoptosis rate was measured by an Annexin-V FITC/PI staining kit according to the manufacturer’s protocol. These data were analyzed using FlowJo software (BD Biosciences, USA).



ROS and Oxidative Stress Measurements

The intracellular ROS level and oxidative stressindexes were measured by a ROS assay kit, MDA assay kit, GSH-Px assay kit, and SOD assay kit according to the manufacturers’ instructions.



Western Blotting

Western blotting was performed as described in our previous reports (17). Briefly, cells were homogenized in RIPA lysis buffer. Total protein extracts and concentrations were measured using the BCA protein assay kit (Pierce, 23225). Proteins were separated on 12% SDS-PAGE and transferred to PVDF (Bio-Rad, USA) membranes. After blocking, the membranes were incubated with primary antibodies at 4°C overnight, and were subsequently incubated with secondary antibodies at room temperature for 1 h. Target proteins were detected and quantified using Enhanced Chemiluminescence reagents (Millipore, WBKLS0100).



Statistical Analysis

Statistical analyses were performed with Prism 7 software. Differences were analyzed by one-way ANOVA or two-sample equal variance Student’s t test. Data are expressed as the means ± SD. A value of P < 0.05 was considered significant.




Results


Characterization of the Synthesized GB-AgNPs

During GB-AgNPs synthesis, the colour of the reaction solution changed significantly, and eventually, the colourless solution gradually became brown-orange, suggesting the surface plasmon resonance excitation of the synthesized AgNPs (Figure 1A). As shown in Figure 1B, the UV-Vis spectra were recorded for the GB-extracts and synthetic GB-AgNPs, with the optical characteristic peak of nanoparticles at approximately 400–450 nm. The absorption spectrum of the GB-AgNPs spanned a wide range, from 320 to 600 nm, with a prominent peak at 448 nm, while the GB-extract shown no similar peak between 400 and 600 nm.




Figure 1 | Schematic representation of silver nanoparticle synthesis with aqueous extracts of G.biloba leaves. (A) Step silver nanoparticle (AgNP) synthesis; (B) UVspectrum; (C) dynamic lights scattering (DLS) images; (D) Zeta-potential images; and (E) TEM images.



To assess the size, the distribution of the synthesized AgNPs with the GB-extract, the dynamic lights scattering (DLS) method was used. In the series of silver nanoparticles we synthesized (Supplementary Table 1 and Figure 1), the smallest average particle size was 40.2 ± 1.2 nm with low polydispersity (0.091 ± 0.011), and the zeta potential values was measured -34.56 mV with low mobility (-2.95), meantime no particle agglomeration was observed (Figures 1C, D). Moreover, to analyze the size and physical characteristics of the GB-AgNPs, transmission electron microscopy was performed. As shown in Figure 1E, the shape of the GB-AgNPs seemed spherical or oval with diameters between 90 and 20 nm on average. These results supported and statistically correlated with the DLS images of the GB-AgNPs. In addition, the UV absorption spectrum and particle size of synthesized GB-AgNPs (40 nm) were monitored in two weeks, and there was no significant change to be observed, which shows that our synthesized GB-AgNPs have good stability (Supplementary Figures 2 and 3). These results suggest that we could use aqueous extracts of the G. Biloba leaves as a reducing agent to prepare a series of stabilized AgNPs.



Cytotoxic Effects of the GB-AgNPs on CCa Cells

To assess the cytotoxic effects of green-synthesized GB-AgNPs, the cell growth and proliferation of two CCa lines, HaLa and SiHa, were determined. First, these two cell lines were exposed to different concentrations and sizes of GB-AgNPs or different concentrations of GB-Extract and AgNO3 for the indicated durations, followed by analysis of whether the GB-AgNPs affected cell viability by MTT assay. The results of the MTT assays suggested that the viability of both the HaLa and SiHa cells was not only dose-dependent but also size-dependent with the viability suppression by GB-AgNPs greater than that by the controls (Figures 2A, B). In addition, the various sizes of the GB-AgNPs not only failed to inhibit cell growth but also promoted cell growth at low concentrations: cell growth was inhibited only when the concentration was greater than 1.5 mg/ml. At the same time, the cytotoxicity of AgNO3 was greater than that of all GB-AgNPs at the same concentration, while the GB extract was relatively less cytotoxic at high concentrations (Figures 2A, B).




Figure 2 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) inhibit the proliferation of cervical cancer cells. (A, B) HeLa and SiHa cells were treated with different sizes of GB-AgNPs or AgNO3 or GB-Extract for 24 h, and cell viability was measured with an MTT assay; (C, D) HeLa and SiHa Cells were treated with indicated concentrations of 40 nm GB-AgNPs for 12, 24, and 36 h, and MTS-incorporating live cells were detected with an MTS proliferation assay; (E) Cells were treated with indicated concentrations of 40 nm GB-AgNPs for 14 days, and live cells were detected with a colony formation assay; (F) cells were treated with indicated concentrations of 40 nm GB-AgNPs for 24 h, cell morphology was observed under an inverted phase-contrast microscope and images were obtained. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.



We also assessed whether PAC is toxic to normal human gastric mucosal cells (GES-1), and the results showed that PAC at <1.6 µM was not cytotoxic to normal gastric cells; the dose that produced obvious cytotoxicity was ∼3.2 µM, more than eightfold the dose used in our assays.

Subsequently, to examine whether the 40 nm GB-AgNPs affected cell proliferation, MTS and colony formation assays were performed. The MTS assays showed that cytotoxic effects of the 40 nm GB-AgNPs on both the HaLa and SiHa cells not only increased with exposure time but also with increasing doses (Figures 2C, D). Similarly, the colony formation assays indicated that 40 nm GB-AgNPs treatment markedly inhibited that proliferation of these two CCa cell lines compared to the controls (Figure 1E). Moreover, microscopy images showed that, compared with the controls, both the HaLa and SiHa cells had noticeably increased cellular atrophy and decreased cellular attachment after 24 h of exposure to the 40 nm GB-AgNPs (Figure 2F). Additionally, the toxicity of 40 nm GB-AgNPs to normal human cervical epithelial cells (HcerEpic) was assessed and the results show that the dose of 40 nm GB-AgNPs (>8.0 µg/ml) has obvious cytotoxicity to normal cervical epithelial cells (Supplementary Figure 4). All the results indicate that GB-AgNPs could specifically suppress the proliferation and viability of the cervical cells. As shown in Figures 2A, B, the IC50 value of 40 nm GB-AgNPs was approximately 3 μg/ml for both HeLa and SiHa cells.

Furthermore, colony formation assays suggested that PAC treatment markedly suppressed proliferation in MGC-803 and SGC-7901 cells compared to controls (Figure 1E). We also assessed whether PAC is toxic to normal human gastric mucosal cells (GES-1), and the results showed that PAC at <1.6 µM was not cytotoxic to normal gastric cells; the dose that produced obvious cytotoxicity was ∼3.2 µM, more than eightfold the dose used in our assays (Supplementary Figure 1).



GB-AgNPs Induced the Apoptosis of the CCa Cells

Next, we examined whether the suppression of cell proliferation after GB-AgNP treatment was accompanied by apoptosis. HaLa and SiHa cells were exposed to different amounts of 40 nm GB-AgNPs for 24 h, followed by Hoechst 33258 staining to examine whether apoptosis occurs. Hoechst 33258 staining showed changes in nuclear morphology, including cell nucleus shrinkage and chromatin condensation, which are typical apoptotic morphological features, after the 40 nm GB-AgNPs (6 μg/ml) were added to these two CCa cell lines (Figure 3A). Furthermore, to verify the apoptotic effects of the GB-AgNPs on HaLa and SiHa cells, we carried out flow cytometry on Annexin V-FITC/PI stained cells and discovered that GB-AgNPs induced both early and late apoptosis in a dose-dependent manner. Figure 3B clearly shows that the percent of apoptotic HeLa cells was 6.57 ± 0.62% for the control group and was increased to 21.78 ± 1.91%, and 43.92 ± 4.53% for the treatment groups; for the SiHa cells, the percent of apoptotic cells was 3.51 ± 3.51% for the control group and was 7.57 ± 0.85% and 31.23 ± 2.93% for the treatment groups. These findings confirmed that GB-AgNPs can induce the apoptosis of CCa cells in a dose-dependent manner.




Figure 3 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) induce apoptosis in cervical cancer cells. (A) HeLa and SiHa cells were treated with the indicated concentrations of 40 nm GB-AgNPs for 24 h and stained with Hoechst 33258. Typical apoptotic morphology was observed in treated cells compared to untreated cells; (B) Cells were treated as in (A) for 24 h, apoptotic cells were stained by PI/annexin-V, and flow cytometry was performed. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01.





GB-AgNP Induced Oxidative Stress and ROS Generation

AgNPs can effectively block the respiratory chain of bacteria and thus have antibacterial effects (18). The production of intracellular ROS plays a critical role in oxidative stress and apoptosiss (19). Therefore, we assessed the oxidative stress and ROS levels, which play important role in the apoptosis induced by various anticancer agents, in both CCa cell lines after GB-AgNPs treatment. As shown in Figure 4, upon 40 nm GB-AgNPs treatment, the levels of intracellular ROS and malondialdehyde (MDA), an endproduct of lipid oxidation, were sharply increased compared with those of the control group (Figures 4A, B), whereas the levels of antioxidant enzymes such as GSH-Px and SOD were remarkably decreased (Figures 4C, D). Additionally, when the 40 nm GB-AgNPs (6 μg/ml) with 20 μM N-acetyl-L-cysteine (NAC, an ROS scavenger) were added, the levels of ROS and MDA, which had sharply increased, were significantly reduced, and the originally low content levels of SOD and GSH-Px were obviously increased. These results showed that GB-AgNPs can induce oxidative stress by generating intracellular ROS.




Figure 4 | Ginkgo extract synthesized silver nanoparticle (GB-AgNP)-induced oxidative stress in cervical cancer cells. (A) HeLa and SiHa cells were treated with various doses of 40 nm GB-AgNPs for 24 h, and then intracellular ROS were measured by flow cytometry; (B) the content of lipid peroxidation MDA in cells was measured; (C) the level of SOD was measured in the cells; and (D) the level of GSH-Px was measured in the cells. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01.





GB-AgNPs Induced Apoptosis Via the Mitochondrial Pathway

The overproduction of ROS may cause mitochondrial dysfunction or damage, which may affect the expression of some antiapoptotic and proapoptotic genes in the mitochondria (19). We then analyzed the expression levels of antiapoptotic Bcl-2 protein and proapoptotic Bax protein by western blotting. As shown in Figure 5, upon 40 nm GB-AgNP treatment, the expression levels of Bcl-2 were decreased in the HeLa and SiHa cells, while the expression levels of Bax were obviously increased in both CCa cell lines. Considering that Bax activation would change the permeabilization of the outer mitochondrial membrane and cause about the release of some proapoptotic mitochondrial proteins into cytosol, the release of cytochrome c (Cyt C) was analyzed (20). Compared with the control group, the content level of Cyt C in the mitochondria was sharply decreased in a dose-dependent manner in these two CCa cell lines after 24 h of exposure to GB-AgNPs; in contrast, the expression of Cyt C in the cytosol was markedly increased by GB-AgNPs treatment of the HeLa and SiHa cells (Figure 5). Cyt C released into the cytoplasm can induce apoptosis by activating downstream caspase-dependent apoptotic proteins; therefore, the expression of caspase-9 and caspase-3 was measured. As shown in Figure 5, the expressions levels of cleaved caspase-9 and caspase-3 were obviously increased in a dose-dependent manner in the HeLa and SiHa cells treated with GB-AgNPs; whereas the expression levels of pro-caspase 9 and pro-caspase 3 were noticeably decreased in both CCa cell lines. These results clearly indicate that GB-AgNPs induced the apoptosis of cervical cancer cells by generating excess ROS that permeabilized of the outer mitochondrial membrane and increase the amount of Cyt C released from the mitochondria into the cytosol.




Figure 5 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) induce apoptosis through caspase-dependent mitochondrial signalling pathways. Expression levels of apoptosis-related proteins were detected by western blot analysis after HeLa and SiHa cervical cancer cells were treated with the indicated concentrations of 40 nm GB-AgNPs. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01.



Furthermore, to confirm that GB-AgNPs induced apoptosis through the ROS/Cyt C signaling pathway, we employed the ROS scavenger NAC to measure the effects of Cyt C in the cytosol and caspase-9 and caspase-3 on the apoptosis induced by GB-AgNPs. As shown in Figure 6, the effects of the GB-AgNPs on Cyt C release in the cytosol and the cleavage of caspase-9 and caspase-3 were diminished by 20 μM NAC treatment. This finding indicated that NAC blocked the apoptosis induced by the GB-AgNPs, which corroborates the ROS assay results describe above.




Figure 6 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) induce apoptosis through mediated intracellular ROS generation. HeLa and SiHa cells were treated with or without NAC (20 μM) for 4 h and then cells were incubated with GB-AgNPs (6 μg/ml) for 24 h, and the expression levels of apoptosis-related proteins were measured by western blot analysis. Data are expressed as the means ± SD; *P < 0.05.






Discussion

In recent decades, AgNPs, particularly green-biosynthesized AgNPs, have exhibited promising potency for biomedical applications due to their powerful antimicrobial properties, effective inhibition of tumour cell proliferation, potent anti-inflammatory and wound healing effects, and substantial chemical stability and biocompatibility (9, 21, 22). On the one hand, green biosynthesis of AgNPs can be undertaken using different natural resources, such as microorganisms, fruit extracts, and medicinal plants, to minimize the amount of stabilizing agents, which adsorb different biologically active substances during synthesis, endowing AgNPs with different biological activities (23). On the other hand, green-synthesized AgNPs are generally less toxic to mammalian cells and more environmental friendly than AgNPs synthesized by other methods (24). Biosynthetic AgNPs are larger than the chemosynthetic and physic synthetic AgNPs (9). Interestingly, we know that smaller AgNPs induces greater cytotoxicity, and we verified this phenomenon by MTT assay. Herein, a series of GB-AgNPs were prepared using different concentrations of gingko aqueous extracts, and nanoparticles smaller than 100 nm had narrow distribution and a good coefficient of dispersion, which means that the GB-AgNPs can easily pass through the vascular gap in capillary tumour tissue (25).

The commonly known notable hallmark of cancer is uncontrolled proliferation, which may indicate dysfunctional apoptotic machinery in the cell (4). We first tested whether the GB-AgNPs are capable of inhibiting the proliferation of two CCa cell lines. The results of the MTT, MTS and colony formation assays showed that the GB-AgNPs obviously inhibited the growth and proliferation of HeLa and SiHa cells in a dose-, size-, and time-dependent manner. Second, we discovered that GB-AgNPs induced apoptosis by generating ROS and increasing oxidative stress, which is usually involved in cell apoptosis and mitochondrial dysfunction (26). As expected, the levels of intracellular ROS and lipid oxidation end-product MDA were significantly increased after treatment with GB-AgNPs, compared to those of the controls, which affected the mitochondrial respiratory chain complex and key enzyme activity in mitochondria in vitro (26). Then, the antioxidant enzymes SOD and GSH-Px were found to be consumed at high levels to abrogate the increased ROS levels. Subsequently, we assessed several relative mitochondrial antiapoptotic and proapoptotic proteins by western blot assays. The Cyt C level in the mitochondria was sharply decreased upon GB-AgNP treatment compared to that of the controls, while the Cyt C level in the cytosol was dramatically increased after treatment with GB-AgNPs compared to the level in the controls, and this increase induced the caspase-dependent apoptosis pathway. Additionally, two CCa cells were treated with GB-AgNPs and the antioxidant NAC, and the increased levels of ROS and Cyt C in the cytosol and the extent of caspase-9 and caspase-3 cleavage were diminished. Our study findings strongly indicate that GB-AgNPs generate excess of ROS and induce apoptosis.

ROS play important roles in the progression of cancers (26). Compared to normal cells, cancer cells usually have higher levels of ROS and oxidative stress (27). However, the effect of ROS on the development of cancer is complex. Several studies have shown that ROS can induce DNA mutation and prooncogenic expression, thus promoting cancer formation (26, 27). ROS can also influence cell survival or proliferation by cellular processes (27, 28). Hence, a powerful strategy to fight cancer may be realized by destroying the balanced of intracellular ROS to induce their accumulation. Many studies have shown that many agents could induce cell apoptosis by generating ROS in a verity of cancer cells (29–31). Interestingly, in different studies, AgNPs were found to be antioxidants or prooxidants promoters (7, 8). These contradictory actions may be due to the synthesis of AgNPs using various medicinal plants, not the size of AgNPs nor the dose or duration of the treatment (8). In this study, high ROS levels were observed in both CCa cell lines treated with the GB-AgNPs, which implies that mitochondrial injury is probably involved in the apoptosis induced by GB-AgNPs. Mitochondria are the main production sites of ROS, and high levels of ROS induces mitochondrial membrane permeability, which lead to the release of several mitochondrial proteins into the cytosol (29). Cyt C is known as a proapoptotic protein and activates downstream caspase-dependent apoptosis when it is released from mitochondria into the cytosol (19). Bcl-2 is an antiapoptotic protein that can maintain the integrity of the mitochondrial membrane and prevent the release of Cyt C into the cytosol (32).

In summary, novel green biosynthetic AgNPs were prepared with aqueous extracts of G. biloba leaves, and the molecular mechanism of the effect of GB-AgNPs on human CCa (HeLa and SiHa) cell cytotoxicity and apoptosis was explored. Exposure to GB-AgNPs for 24 h induced an increase in ROS generation and mitochondrial membrane permeability, Cyt C release into the cytosol, and the cleavage of caspase-9 and caspase-3. All assays results indicated that GB-AgNPs contributed to the cell apoptosis of HeLa and SiHa cells (Figure 7). Herein, the results of this study offer further evidence of the cytotoxicity and the anticancer efficacy caused by increased ROS levels that induce the caspase-dependent mitochondrial apoptotic signaling pathways, which justifies further exploration of GB-AgNP potential for cancer therapeutics and preventive CCa treatments.




Figure 7 | Schematic mechanisms of Ginkgo extract synthesized silver nanoparticle (GB-AgNP)-induced apoptosis by caspase-dependent mitochondrial signalling pathways in cervical cancer cells.
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Penetration of the blood–brain barrier (BBB) and the blood–brain tumor barrier (BBTB) remains a significant challenge for the delivery of drugs in the treatment of glioma. Therefore, the development of targeted preparations with the ability to penetrate the BBB and BBTB, and target gliomas, is an important approach if we are to improve the efficacy of glioma treatment. In the current study, an active targeting preparation based on PLGA nanoparticles coated with erythrocyte membranes (RBCNPs) and dual-modified with DWSW and NGR peptide ligands (DWSW/NGR-RBCNPs). Euphorbia factor L1 (EFL1) extracted from euphorbiae semen was used as the model drug. The final nanoparticles were characterized by in vivo and in vitro tests. In vitro results showed that EFL1-loaded DWSW/NGR-RBCNPs were taken up by cells and had the ability to penetrate the BBB and BBTB and produce cytotoxic effects. Furthermore, in vivo studies in mice showed that when injected intravenously, these specialized NPs could enter the brain, target tumor tissue, and significantly extend life span. The results showed that dual-targeting EFL1-loaded DWSW/NGR-RBCNPs have significant potential as a nanotherapeutic tool for the treatment of brain glioma.
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Introduction

Biomimetics has been recognized as an important mission in science and engineering for a long time. Currently developed drug delivery carrier materials are usually synthetic polymer compounds. The carrier materials or the carrier surface are modified according to the different purposes of use (1–4). However, such modification often fails to fully recognize complex endogenous substances in the body. And sometimes it is even regarded as exogenous poisons excreted from the body, failing to reach the lesion site and achieve the desired effect as designed. Cell membrane biomimetic nanoparticles are realized by using natural cell membrane as the shell to encapsulate the synthesized nanoparticles. Through this strategy, the structure and function of the cell membrane, especially the specific functional proteins on the cell membrane surface, are preserved (2, 5, 6). This means it can also reduce the elimination of nanoparticles.

Glioma is a fatal disease that has high incidence, recurrence, and mortality rates. Clinical data demonstrates that the cure rates for this disease are low (7). The current methods that are commonly used for the treatment of glioma are surgery, radiotherapy, and chemotherapy. However, the clinical efficacy of the drugs used to treat glioma is not satisfactory. Many drugs cannot be used in patients with glioma because of their poor physicochemical properties, lack of targeting capability, and their inability to penetrate the blood–brain barrier (BBB) and blood−brain tumor barrier (BBTB) (8–10). Therefore, there is significant interest in developing new ways to deliver therapeutic drugs to the site of gliomas.

Dual-targeting nanocarriers have already demonstrated their ability to circumvent the BBB and BBTB and deliver specific drugs to glioma sites (11). Over the past few decades, a range of nanocarriers have emerged; many of these exploit different materials to alter their properties. However, these synthetic materials are generally associated with poor efficacy and commonly cause toxicity (12, 13). Research has shown that many nanoparticles are eliminated by the immune system, thus resulting in a reduction in therapeutic effect (14–17). Over recent years, the membranes of erythrocytes have attracted significant attention within the nanotechnology sector, largely because of they are easily obtained and their low levels of immunogenicity. Encapsulating erythrocyte/red blood cell membranes on poly(lactic-co-glycolic acid) (PLGA) nanoparticles (RBCNPs) with targeting modifications has already been shown to achieve unexpected therapeutic effects (1, 2, 18–20).

Typically, the surface of the erythrocyte membrane is modified with a peptide by lipid-insertion. Quorum sensing (QS) signaling molecules are one of them. Coordinated changes in a growing microbial population that are achieved through signaling molecules is referred to as quorum sensing (QS). Some peptides can selectively penetrate the BBB. For example, the DWSW (DWDSDWDGDPDYDS) peptide originates from Clostridium acetobutylicum and could be used to target the brain (21, 22). In addition, specific drugs can be designed in such a way that they can target highly expressed targets in glioma cells. CD13 is one such target and can be targeted by NGR (Asn-Gly-Arg), a peptide that exhibits high affinity for CD13. The CD13 receptor also plays a crucial role in promoting angiogenesis in receptor-mediated anti-angiogenic therapy. Over recent years, DWSW- and NGR-modified nanocarriers have been developed (23–26).

Euphorbia factor L1 (EFL1) is a lathyrane-type diterpenoid active component that is extracted and separated from Euphorbiae Semen (seeds of Euphorbia lathyris L.), a traditional form of Chinese medicine. Existing research shows that EFL1 has significant antitumor effects and has been demonstrated to exert cytotoxic effects in HeLa, A549, C6, MCF-7, and HL-60 cells; it can also reverse activity against P-glycoprotein-mediated multidrug resistance in cells (27–31). However, the clinical application of EFL1 is limited by its poor water solubility and low bioavailability. The solubility of EFL1 can be increased by encapsulation in PLGA nanoparticles (32, 33).

Based on these previous findings, we designed dual-targeting RBCNPs that were modified with DWSW and NGR by lipid insertion. These nanocarriers were able to penetrate the BBB and the BBTB synergistically and target glioma cells. The efficacy of these dual-modified RBCNPs (DWSW/NGR-RBCNPs) following EFL1 encapsulation with respect to glioma treatment was evaluated using both in vitro and in vivo approaches (Figure 1). The current study aimed to develop a safe and effective treatment for glioma.




Figure 1 | Graphical abstract of this study. Schematic illustration of dual-target peptides modified using erythrocyte membrane-enveloped PLGA nanoparticles for the treatment of glioma. The nanoparticles were designed to penetrate the BBB and BBTB and then to aggregate at tumor sites. DWSW peptide was used to penetrate BBB and NGR was used to target tumor. DWSW/NGR-RBCNPs were observed to selectively accumulate in tumor tissue and exert a therapeutic effect.





Materials and Methods


Materials

PLGA, with a lactic/glycolic acid ratio of 75/25 (5600 Da), was obtained from Jinan Daigang Biomaterial Co., Ltd (Shandong, China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine -N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG2000-Mal), DWSW, and NGR peptides were purchased from Xi`an ruixi Biological Technology Co., Ltd (Shanxi, China). Euphorbia factor L1 (EFL1) was obtained from Chendu Dsiter Co., Ltd (Sichuan, China). Anti-CD47 antibodies were purchased from Abcam (Cambridge, UK). All chemical reagents were of analytical grade and were purchased from Macklin Biochemical Co., Ltd (Shanghai, China).



Cells and Experimental Animals

Glioma cells (C6), mouse brain endothelial cells (bEnd.3), and human umbilical vascular endothelial cells (HUVECs), were supplied by the Cell Resource Centre of IBMS (Beijing, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS (Gibco) and 100 IU penicillin.

Female and male ICR mice (initially weighing 18–22 g) were purchased from SPF Biotechnology Co., Ltd (Permit number: SCXK (Jing) 2019-0010, Beijing, China). All animal experiments complied with the National Laboratory Animal Management Regulations, and the Beijing Municipal Laboratory Animal Management Regulations. All procedures and experiments involving the care and handling of animals were carried out with the approval of the Animal Care and Use Ethics Committee of Beijing Institute of Pharmacology and Toxicology (Beijing, China).



Preparation of Peptide-Modified RBCNPs


Synthesis and Characterization of Materials

DSPE-PEG2000-DWSW and DSPE-PEG2000-NGR were synthesized using the sulfhydryl-maleimide coupling method between thiolated peptides and DSPE-PEG2000-Mal. In brief, DSPE-PEG2000-Mal in PBS (pH 7.4) was slowly added to a DWSW or NGR (1:1 molar ratio) solution (PBS, pH 7.4) at room temperature for 24 h while stirring. Unreacted compounds were then removed by washing with distilled water (MWCO 3.0 kDa). The final solution was freeze-dried to await further use. Prior to application, the compounds were assessed by MALDI-TOF mass spectrometry (MALDI-TOF MS).



Collection of Erythrocyte Membranes

Erythrocyte membranes were collected as previously reported (34, 35). In brief, cells were collected from mice and transferred into tubes coated with an anticoagulant. Plasma and leukocytes were removed by centrifugation (3,000 rpm for 10 min at 4°C). PBS (pH = 7.4) was then added into the tubes and centrifuged at 3,000 rpm for 10 min at 4°C; this procedure was repeated three times. The red blood cells (RBCs) were suspended in 0.25 × PBS (pH = 7.4), stored at 4°C for 0.5 h, and then centrifuged (8000 rpm for 10 min at 4°C); this procedure was repeated three times. Finally, the erythrocyte membranes were suspended in PBS (pH = 7.4) and stored at 4°C to await further use.



Preparation of PLGA Nanoparticles

PLGA nanoparticles (NPs) were prepared by a nano-precipitation method, as described previously (36–38). A total of 40 mg of PLGA, and 4 mg of EFL1 or Cy5.5 (hydrophobic probe, 100 μL), was added to 4 mL of acetone. Once completely dissolved, the mixture was poured into 10 mL of water slowly. Then, the mixture was then stirred in open air for 24 h to eliminate the organic solvent; the resultant products were EFL1-loaded NPs or Cy5.5-labelled NPs.



Preparation of RBCNPs Modified With Peptides

Erythrocyte membranes were sonicated for 3 min in a bath sonicator (KQ3200, Kunshan, China) at a frequency of 37 kHz and a power of 250 W. Using a mini-extruder (Avanti Polar Lipids, AL, USA), we isolated erythrocyte membrane vesicles by extruding the membranes repeatedly through 400 nm and 200 nm polycarbonate porous membranes.

To prepare nonmodified-RBCNPs (N-RBCNPs), EFL1-labelled NPs or Cy5.5-loaded NPs were mixed with erythrocyte membrane vesicles (at a ratio of 3:1) and then extruded through a 200 nm polycarbonate membrane at least 10 times; this procedure created EFL1-loaded RBCNPs or Cy5.5-labelled RBCNPs. The DWSW-modified RBCNPs (DWSW-RBCNPs), NGR-modified RBCNPs (NGR-RBCNPs), and DWSW/NGR modified RBCNPs (DWSW/NGR-RBCNPs), were prepared using a lipid-insertion technique. DSPE-PEG2000-DWSW (4%, weight ratio of DSPE-PEG2000-DWSW to NPs), or DSPE-PEG2000-NGR (3%, weight ratio), was added to RBCNPs in PBS (pH 7.4) at 37°C with stirring for approximately 0.5 h. In order to prepare DWSW/NGR-RBCNPs, both DSPE-PEG2000-DWSW and DSPE-PEG2000-NGR were added to the solution.




Physicochemical Characterization of Dual-Modified RBCNPs


Binding Efficiency of Peptides Onto RBCNPs

We created a DSPE-PEG2000-peptide-fluorescent probe by reacting the carboxyl group in a fluorescent probe with the primary amine group in the DSPE-PEG2000-peptide. Specifically, DSPE-PEG2000-NGR was labelled with 5-(and 6)-carboxyfluoresceindiacetate (CFDA) using the following protocol. First, CFDA was dissolved in dimethyl sulfoxide; we then added N, N’-dicyclohexyl carbodiimide and N-hydroxysuccinimide (4:2:1). This solution was stirred in the dark for 24 h at room temperature and then centrifuged (4,000 r/min, 15 min) to obtain a supernatant. Next, 1.2% of DSPE-PEG2000-NGR, and one drop of triethylamine, were added and allowed to react for 24 h in the dark. Then, the products were dialyzed (MWCO 3.5 kDa) in purified water for 24 h in a light-proof environment. The purified solid product (DSPE-PEG2000-NGR-CFDA) was obtained by freeze-drying. Using the same methodology, we labelled DSPE-PEG2000-DWSW with 5-carboxy-X-rhodamine (5-ROX). The purified solid product (DSPE-PEG2000-DWSW-5-ROX) was also obtained by freeze-drying. The preparation of fluorescent probe-labelled dual-modified RBCNPs (DWSW-5-ROX/CFDA-NGR-RBCNPs) involved DSPE-PEG2000-DWSW-5-ROX and DSPE-PEG2000-NGR-CFDA; the methodology was the same as that used to prepare the DWSW/NGR-RBCNPs.

The DSPE-PEG2000-NGR-CFDA, DSPE-PEG2000-DWSW-5-ROX, or N-RBCNPs, were dispersed in PBS (pH 7.4). Next, the maximum absorption wavelengths of DSPE-PEG2000-NGR-CFDA and DSPE-PEG2000-DWSW-5-ROX were determined using a UV-visible spectrophotometer (scanned at 200-800 nm). The absorbance (A) of CFDA was measured at 493 nm while that of 5-ROX was measured at 578 nm (standard solution, 0.5 to 3.50 μg/mL); this allowed us to perform linear regression analysis.

DWSW-5-ROX/NGR-CFDA-RBCNPs were diluted with PBS to measure the total absorbance (ATotal). Then, the absorbance of the free targeting-peptide (AFree) was determined by ultrafiltration centrifugation (MWCO 300 kDa, 12000 r/min). The formula used to determine the connection efficiency of DWSW-5-ROX/NGR-CFDA-RBCNPs is given in Equation (1).





Characterization of Dual-Modified RBCNPs

Biomimetic nanoparticle particle size distribution and zeta potential were measured by dynamic light scattering (Litesizer™ 500, Anton-Paar, Austria). Transmission electron microscopy (TEM) (HITACHI, H-7650, Japan) was used to characterize the morphology of EFL1-loaded DWSW/NGR-RBCNPs. Protein analysis was performed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (39). Protein concentration was determined using a BCA assay kit (Pierce, China) and western blotting was used to analyze the expression levels of the glycoprotein CD47 (40). Turbiscan Lab® Expert (Formulaction, L’Union, France) was used to evaluate the 72-hour stability of EFL1-loaded DWSW/NGR-RBCNPs in FBS (37°C); we also used this instrument’s software to apply a variety of back-scattering (ΔBS) profiles to investigate stability.

Equation (2) and (3) was used to calculate the EFL1 encapsulation efficiency (EE) and drug loading capacity (DL) for various particles.





Wtotal drug represents the total drug in the NPs, Wfree drug represents the amount of free drug removed by ultrafiltration while Wtotal drug and carriers represents the weight of total drug and carriers. The amount of EFL1 was determined by HPLC analysis.




In Vitro Evaluation of Dual-Modified RBCNPs


In Vitro Release

The release of EFL1 from different nano-preparations was determined using dialysis buffer (pH 7.4). Approximately 1 mL of the various nanoparticle solutions was added to a dialysis bag (MWCO 12 kDa). A release study was then performed in 100 mL of medium at 37°C; 1 mL of medium was removed for analysis at 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, and 48 h and was replaced with the same volume of fresh medium. HPLC was then used to determine the concentration of EFL1 released at different times.



In Vitro Cell Uptake

In order to investigate the uptake of various RBCNPs, we incubated a variety of different cells (C6, bEnd.3, and HUVECs) in 200 μL of DiI-labeled mono- or dual-modified RBCNPs at 37°C for 2 h. Controls were also included in these experiments; these involved nanoparticles that were devoid of ligands. After the experiment, cells were washed and centrifuged three times with cold PBS. We then analyzed the cells qualitatively using confocal laser scanning microscopy (LSM 880, Zeiss, Germany); quantitative analysis was performed by flow cytometry (FCM).



In Vitro Cytotoxicity Assays

The MTT assay was used to evaluate the cytotoxicity of different nanoparticles in C6 cells. Cells were first seeded in 96-well plates (approximately 5,000 cells per well). Then, cells were exposed to various concentrations of the RBCNP formulations. After 48 h, we added 20 μL of MTT solution (5 mg/mL in PBS) to each well. After a 4 h period of incubation, we determined cell viability at 490 nm using a plate reader (Tecan Spark, Austria).



In Vitro Transport Across the BBB and BBTB

An in vitro BBB model was established as reported previously by Ying Man et al. (41). To summarize, bEnd.3 cells were inoculated at a density of 1.0 × 105 cells per well (Corning, NY, USA). Successful creation of the BBB was confirmed by measuring transendothelial electrical resistance; the BBB transport assay was performed when resistance reached 200 Ω.cm2 (42). Different Cy5.5-labeled RBCNPs (50 μM) were then added to DMEM containing 10% FBS for further culture. After 4 h, the solution was collected from the basal chamber and the fluorescence intensity was monitored using a fluorescence spectrophotometer (Agilent Cary Eclipse, USA). HUVECs were seeded in the upper inserts of the transwell and C6 cells were seeded in the lower chamber (at a ratio of 5:1) to create the final in vitro BBTB model (43). Different Cy5.5-labeled RBCNPs were then added to the culture medium in each upper chamber. After 4 h, the solution was collected from the lower chamber and the fluorescence intensity was determined by fluorescence spectrophotometry.



In Vitro Targeting Ability

The in vitro BBB model was created by bEnd.3 and C6 cells, as previously reported (43). To summarize, the upper side of a transwell insert was seeded with approximately 1.0 × 105 bEnd.3 cells. The basolateral compartment was then seeded with 2000 C6 cells per compartment. The experiment was performed after 5 d of incubation. Free EFL1, and various EFL1-loaded nanoparticles, were added to the apical compartment. The final concentration of EFL1 in each compartment was 50 μg/mL. Then, 48 h later, the survival rate of the C6 cells was determined with a sulforhodamine-B staining assay (44).




In Vivo Evaluation of Dual-Modified RBCNPs


In Vivo Glioma Targeting Ability

A glioma-bearing mouse model was established by inoculating C6 cells into the brain, as described previously (45). After 7 d, the brain glioma was evaluated by magnetic resonance imaging (MRI) (PharmaScan 70T/16, Bruke, US). We then selected glioma-bearing mice with similar tumor volumes and measured their basal levels of fluorescence levels prior to treatment. Different RBCNPs were then labeled with DiR for in vivo imaging studies. Next, the animals were administered with DiR-loaded N-RBCNPs, DiR-loaded DWSW-RBCNPs, DiR-loaded NGR-RBCNPs, and DiR-loaded DWSW/NGR-RBCNPs, via tail vein injection. In vivo imaging was carried out 12 h later using a small animal imaging system (IVIS® Spectrum, PerkinElmer, USA) and Living Image® software (Caliper, Alameda, CA) used to quantify bioluminescence and fluorescence signals. Following in vivo imaging, we isolated the main organs of each mouse and determined the tissue distribution of each type of nanoparticle. DiI-labeled RBCNPs were then used for brain distribution studies. After 4 h, mice were sacrificed and the brain tissues were harvested. These tissues were then frozen in O.C.T. (Sakura, Torrance, CA, USA), cut into 5 mm frozen sections, stained with DAPI, and analyzed by CLSM.



Antitumor Effect in Mice

Glioma-bearing mice were randomly divided into six groups (10 mice per group): a normal saline group, a free EFL1 group, an EFL1-loaded N-RBCNP group, an EFL1-loaded DWSW-RBCNP group, an EFL1-loaded NGR-RBCNP group, and an EFL1-loaded DWSW/NGR-RBCNP group. Seven days after the injection of C6 cells, each mouse received a drug at a dose of 100 μg/kg (based on EFL1 in the formulations); the dose was administered once each day. In each mouse, we then recorded the length of time between tumor cell inoculation and death. Survival times were used to plot Kaplan-Meier survival curves for each group.



Histopathological Examination of Brain Tumors

Mice were sacrificed at the end of drug treatment, and their brains were isolated. Each brain was fixed in 10% formalin buffer for 24 h, embedded in paraffin, cut into 5 μm sections, and stained with hematoxylin and eosin. Histopathological examinations were then carried out with a light microscope (Olympus, Japan) with a view to identify tumor tissue and acquire representative digital images.




Acute Toxicity Evaluation

Mice were randomly divided into three groups (6 mice per group) as follows: a normal saline group, a free EFL1 group, and an EFL1-loaded DWSW/NGR-RBCNP group. Mice were administered with 0.1 mL of drug (equivalent to 100 μg/kg of EFL1) and saline by intravenous injection. After 15 d, we extracted blood from the eyeball to perform routine blood tests and to investigate liver and kidney function. We also removed the main organs for histopathological examination (46, 47).



Statistical Analysis

Quantitative data are expressed as mean ± standard deviation (SD) unless otherwise indicated. One-way analysis of variance (ANOVA) was used to determine significant differences between different groups, and p<0.05 was considered to indicate statistical significance.




Results


Physicochemical Characterization of Dual-Modified RBCNPs


Preparation and Characterization of Dual-Modified RBCNPs

The method used to prepare DWSW/NGR RBCNPs is shown in Figure 2A. We synthesized DSPE-PEG2000-DWSW and DSPE-PEG2000-NGR and then prepared double-modified biomimetic PLGA nanoparticles using a lipid-insertion method. Figure 2B shows the process used to synthesize the two functional targeting materials. We then coupled the thiol sulfhydryl (-SH) in the DWSW and NGR targeting peptides with DSPE-PEG2000-Mal using a sulfhydryl-maleimide reaction. The successful formation of DSPE-PEG2000-DWSW and DSPE-PEG2000-NGR was confirmed by MALDI-TOF MS, with observed mass-charge ratios of approximately 3913 (Supplementary Figure S1A) and 3713 (Supplementary Figure S1B), respectively; these data confirmed the that the targeted molecular conjugates had been synthesized correctly. The DSPE-PEG2000-DWSW and DSPE-PEG2000-NGR were then used for the target modification of RBCNPs.




Figure 2 | Preparation of DWSW/NGR-RBCNPs. First, the drug was loaded into PLGA, coated with erythrocyte membrane, and finally target-modified (A). The targeting ligand was then synthesized by conjugating DSPE-PEG2000-Mal to the cysteine residue on both DWSW and NGR (B). The Michael addition reaction was used in chemical synthesis.



After preparation, we used TEM to characterize the morphology of the EFL1-loaded DWSW/NGR-RBCNPs. The typical core-shell structure of EFL1-loaded DWSW/NGR-RBCNPs is shown in Figure 3A while Table 1 summarizes the four distinct RBCNP formulations. The EFL1 encapsulation efficiency (EE) of the erythrocyte membrane-encapsulated nanoparticles was greater than 70%, and the final drug amount was not affected by the targeted peptide modification. The size of nanoparticles is known to be an important determinant of their potential applications in vivo and in vitro. As shown in Table 1, the nanoparticles have a low polydispersity index (DPI) and exhibited a narrow size distribution. It is important that nanoparticles exhibit a uniform size when applied used in vivo; physical size is known to influence the therapeutic efficacy of nanoparticles after they have successfully reached the target site (48). In addition, the nanoparticle sizes determined by TEM images (Figure 3A) were similar to those determined by a laser particle analyzer (Supplementary Figure S2B). Following the encapsulation of erythrocyte membranes, we found that the size of the nanoparticles increased (Supplementary Figures S2A, B) while the zeta potential decreased (Supplementary Figures S2C, D). The zeta potential of the formulations was important as this ensured that the nanoparticles remained stable in solution.




Figure 3 | Characterization of nanoparticles. Transmission electron microscopy (TEM) photos of DWSW/NGR-RBCNPs. (A) Nanoparticles showing the core-shell structure. (B) Erythrocyte membrane proteins in different nanoparticles, showing the protein had not been lost. Similar bands of protein appear in the same location. (C) Stability of EFL1-loaded DWSW/NGR-RBCNPs in the presence of FBS; stability fluctuated within a range of 2%. No serious aggregation or sedimentation of the nanoparticles during the measurement period.




Table 1 | Characterization of different nanoparticles.



Analysis of the protein content of the DWSW/NGR-RBCNPs was carried out to confirm successful functionalization of the nanoparticles with erythrocyte membrane antigens. The proteins in erythrocyte membrane-encapsulated nanoparticles and erythrocyte membranes were assayed in parallel through BCA assay kit. The protein concentration of erythrocyte membrane was 309.0 ± 2.52 μg/mL, and that of double-targeted modified nanoparticles was 244.6 ± 8.22 μg/mL. Considering the dilution of the erythrocyte membrane, the process of erythrocyte membrane-encapsulated nanoparticle formation and targeted modification did not lead to erythrocyte membrane protein loss. The proteins in erythrocyte membrane-encapsulated nanoparticles, and erythrocyte membranes, were assayed in parallel by SDS-PAGE. Neither the formation of erythrocyte membrane-encapsulated nanoparticles, or targeted modification, led to the significant loss of erythrocyte membrane proteins (Figure 3B). It was evident that the erythrocyte membrane-encapsulated nanoparticles retained the properties of erythrocyte membranes.

The in vivo application of EFL1-loaded DWSW/NGR-RBCNPs requires that they are stable under physiological conditions. Therefore, we used fetal calf serum (FBS) to test the stability of the nanoparticles in blood. We used the Turbiscan Lab® Expert system to evaluate the in vitro stability of the EFL1-loaded DWSW/NGR RBCNPs in serum at 37°C for 72 h. This methodology has been reported previously (49), and in the present study indicated that EFL1-loaded DWSW/NGR RBCNPs showed no significant aggregation or sedimentation (transmission or back-scattering profiles of less than 2.0%) in FBS (Figure 3C). Increasing evidence has shown that the combined action of multiple membrane components on the cell surface ensures that RBCs are not engulfed by macrophages. In particular, CD47, a protein marker of the erythrocyte membrane, has been shown to inhibit macrophage phagocytosis by interacting with SIRP-α receptors (50). In order to confirm the presence of CD47 on the DWSW/NGR-RBCNPs, we carried out western blotting analysis on a series of distinct samples (NPs, RBC lysate, erythrocyte membranes, and DWSW/NGR-RBCNPs). As shown in Supplementary Figure S3A, the results showed that after the process of nanoparticle synthesis and modification had been completed, CD47 was still present on the surface of the RBCNPs. This suggests that nanoparticles coated with erythrocyte membranes can circulate for longer durations in the body and are subject to reduced levels of phagocytosis.

Next, we carried out in vitro release studies to investigate the release characteristics of EFL1 in the RBCNPs. There was no significant difference in the EFL1 release behavior of the biomimetic nanocarriers in buffer solution (PH=7.4, Supplementary Figure S3B). This finding indicated that targeted modification did not affect drug release.



The Efficiency of Connection Between Targeting Peptides and RBCNPs

We used a simple method to investigate the connection efficiency between DWSW and NGR peptides and RBCNPs. First, the two targeting conjugates were reacted with CFDA and 5-ROX to obtain DSPE-PEG2000-NGR-CFDA and DSPE-PEG2000-DWSW-5-ROX, respectively. The maximum UV absorption of DSPE-PEG2000-NGR-CFDA was 493 nm while that of DSPE-PEG2000-DWSW-5-ROX was 578 nm. A mixture of the two peptides could be measured at different wavelengths. Unmodified RBCNPs did not interfere with such measurements (Supplementary Figure S3C). Using this method, we were able to ascertain that the connection efficiencies of DSPE-PEG2000-NGR and DSPE-PEG2000-DWSW in the double-modified RBCNPs were 71.27% and 73.45%, respectively.




In Vitro Evaluation


Cellular Uptake

Cellular uptake experiments were performed to investigate the affinity of the different types of modified RBCNPs to specific cells. To do this, we incubated bEnd.3, HUVECs, and C6 cells, with different types of DiI-labeled RBCNPs for 2 h at 37°C. A previous study used bEnd.3 cells as a model of the BBB in order to study the penetrating ability of DWSW (51). HUVECs have also been used previously as a model cell for tumor angiogenesis and thus confirm the ability of NGR to target the neovasculature (52).

As shown in Figure 4A, the intracellular fluorescence intensity of the NGR-RBCNPs was similar to that of the N-RBCNPs, thus indicating that the NGR-RBCNPs cannot be recognized effectively, and they could therefore evade uptake by bEnd.3 cells. This implies that NGR cannot penetrate the BBB effectively. However, both DWSW-RBCNPs and DWSW/NGR-RBCNPs underwent significant uptake by bEnd.3 cells, indicating that DWSW-modified nanoparticles possess good brain-targeting properties. As shown in Figure 4B, untargeted modified nanoparticles were not taken up effectively by cells. We also found that free DWSW (1 mg/mL) significantly inhibited the cellular uptake of DWSW-RBCNPs and DWSW/NGR-RBCNPs (by a factor of 4.5), thus indicating that the DWSW peptide specifically targeted the QS receptor of bEnd.3 cells (21, 53).




Figure 4 | Targeting ability test with different cells. Cellular uptake of different DiI-labelled RBCNPs by bEND.3 cells (A, B). DWSW exhibited the ability to cross the BBB and the free peptide was able to compete for the target. NGR exhibited the ability to cross the BBTB and the free peptide was able to compete for the receptor in HUVECs cells (C, D). DWSW- and NGR-modified nanoparticles showed good tumor-targeting in C6 cells (E, F). DiI-positive cells were counted by FCM and intracellular fluorescence was captured by CLSM. Nanoparticles show different targeting capabilities. Scale bars, 10 μm. * indicates P < 0.05.



Furthermore, to verify the ability of the nanoparticles to target tumor tissues, we measured the cell uptake of NGR-RBCNPs and DWSW/NGR-RBCNPs by using CD13-positive HUVECs. As shown in Figure 4C, NGR-RBCNPs and DWSW/NGR-RBCNPs showed stronger intracellular fluorescence than RBCNPs and DWSW-RBCNPs in HUVECs, thus indicating that NGR peptide-modified nanoparticles have good tumor-targeting ability. Figure 4D also illustrates the effect of NGR; competition from free NGR (1 mg/mL) for the CD13 receptor led to a reduction in the uptake of NGR-modified nanoparticles (by a factor of 1.5). The rate of uptake for NGR-modified nanoparticles was approximately 1.5 times lower than that of the unmodified nanoparticles. These results indicated that NGR-modified nanoparticles require high expression levels of the CD13 receptor on the target cell in order to function in an appropriate manner. On the other hand, the nanoparticles modified by DWSW peptides showed certain targeting ability, which was consistent with the literature reports (22).

Finally, we investigated the glioma-targeting and uptake ability of the nanoparticles in C6 cells. Compared with unmodified RBCNPs, NGR-RBCNPs, DWSW-RBCNPs, and DWSW/NGR-RBCNPs, were taken up by C6 cells; of these, DWSW/NGR-RBCNPs demonstrated the highest levels of cellular uptake (Figures 4E, F). The results showed that DWSW and NGR peptide-functionalized RBCNPs have significant tumor-targeting abilities. Overall, these cellular uptake results strongly supported the hypothesis that DWSW and NGR could play a key role in the enhancement of cell recognition and uptake, and the reduction of nonspecific cellular uptake. The data also indicate that DWSW/NGR-RBCNPs would be able to target tumors in vitro with reduced levels of non-specific cell uptake. Moreover, as shown in Figure 4, preincubation with serum did not impair the cellular uptake of DWSW/NGR-RBCNPs in bEnd.3 cells, HUVECs, and C6 cells, thus indicating that all of the peptide-modified nanoparticles retained their targeting properties in plasma. These results provide a key foundation for further in vivo experiments.



In Vitro Cytotoxicity

We incubated a range of EFL1-loaded nanoparticles, containing different concentrations of EFL1, with C6 cells in vitro, and then determined cell survival rate using the MTT assay. As shown in Supplementary Figure S3D, increased concentrations of EFL1 were associated with a significant increase in the anti-proliferative activities of free-EFL1 in C6 cells, thus indicating that EFL1 has anti-cancer effects in this type of brain tumor. In addition, all of the formulations containing EFL1 showed cytotoxicity; the largest effect was observed in the free EFL1 group. These results could be explained by the fact that free drugs can rapidly enter cells by passive diffusion under in vitro conditions, and with a high concentration gradient. However, nanoparticle-loaded drugs must be released slowly in order to exert their therapeutic effects successfully (Supplementary Figure S3B). Accordingly, we found that when compared with free-EFL1, EFL1-loaded biomimetic nanoparticles exhibited a weaker inhibitory effect on the proliferation of C6 cells. These biomimetic nanoparticles can exert important therapeutic effects through targeted modification to enhance the drug concentration delivered to tumor sites. The minor differences in cytotoxicity that were evident between different types of nanoparticles may be related to their uptake by C6 cells and similar patterns of drug release. Further investigation is now needed to investigate these differences further.



Transcytosis Efficiency: In Vitro BBB and BBTB Models

In order to exert their therapeutic effects for brain disease, it is necessary for drugs to first cross the BBB and then reach a therapeutically relevant concentration. We constructed an in vitro BBB model with which to evaluate the penetration effect of nanoparticles with different target modifications. As shown in Supplementary Figure S4A, the penetration efficiencies of Cy5.5-labeled DWSW/NGR-RBCNPs (3.22 ± 0.28%) and Cy5.5-labeled DWSW-RBCNPs (3.18 ± 0.32%) were significantly higher than that of Cy5.5-labelled NRG-RBCNPs following a 4 h period of incubation. This showed that the DWSW peptide-modified nanoparticles were highly capable of penetrating the BBB. In addition, to verify the ability of the target-modified nanoparticles to localize to brain tumors, we constructed an in vitro BBTB model. Using previously described methods, we successfully established an in vitro BBTB model by co-culturing HUVECs/C6 cells and then incubating these co-cultures with various types of RBCNPs (41, 43). As shown in Supplementary Figure S4B, the percentage penetration of Cy5.5-labeled DWSW/NGR-RBCNPs (4.09 ± 0.20%), and Cy5.5-labeled NGR-RBCNPs (4.08 ± 0.18%), was significantly higher than that of Cy5.5-labelled DWSW-RBCNPs (1.09 ± 0.23%) after a 4 h period of incubation. This indicated that the NGR peptide-modified nanoparticles exhibited good BBTB penetration. However, NGR-modified nanoparticles must cross the BBB in order to reach the tumor site. These results indicate that the dual-target modified DWSW/NGR-RBCNPs possess the ability to penetrate the BBB and BBTB. These data also confirmed the cellular uptake results (Figure 4).



Targeting Ability of Biomimetic Nanoparticles in a BBB/C6 Tumor Co-Culture Model

We established a BBB/C6 tumor coculture model to investigate the anti-tumor effect of the target- modified nanoparticles in vitro. Once the co-culture model had been established, we used the upper transwell chamber to culture different EFL1-loaded formulations. At the end of the experiment, a sulforhodamine-B staining assay was used to determine the survival rate of C6 cells in the basal chamber. The cell survival rate of C6 cells exposed to free EFL1, EFL1-loaded N-RBCNPs, EFL1-loaded NGR-RBCNPs, EFL1-loaded DWSW-RBCNPs, and EFL1-loaded DWSW/NGR-RBCNPs, was 98.87 ± 13.04%, 97.02 ± 12.36%, 96.88 ± 12.45%, 50.28 ± 5.12%, and 47.02 ± 2.92%, respectively. Results showed that the DWSW peptide-modified nanoparticles could cross the BBB in the in vitro model and that the EFL1 drug could be delivered to C6 glioma cells. However, free EFL1, and nanoparticles without DWSW peptide modification, could not pass into the bEnd.3 cells. In contrast with the in vitro cytotoxicity testing (Supplementary Figure S3D), we found that a single drug could not enter the lesion site in order to provide therapeutic effects, and that drugs require a targeting carrier; in this context, the DWSW peptide is an ideal targeting molecule. The results also showed that the NGR peptide plays a key role when DWSW peptide-modified nanoparticles enter the brain. After passing through the BBB, NGR peptide-modified nanoparticles showed better targeting ability to tumor cells than any of the other preparations. This shows that a dual-target modification strategy was more effective than a single-target modification strategy.




In Vitro Evaluation


In Vivo Distribution of Biomimetic Nanoparticles

Although various anti-tumor drugs are currently available, it is highly evident that the BBB and BBTB create a significant hurdle for drug entry. These important structured makes the clinical treatment of gliomas very challenging. Moreover, because most therapeutic drugs are distributed systemically, they are commonly associated with significant side effects. Therefore, the use of carriers to enable targeted drug delivery to tumor tissue not only increases therapeutic efficacy, but also reduces levels of drug toxicity. To evaluate the brain targeting ability of DWSW/NGR-RBCNPs, we measured whole-body fluorescence signals from intracranial C6 glioma mice. We also investigated the biodistribution of different RBCNPs labeled with DiR within brain tissue. As shown in Figure 5A, DWSW-functionalized RBCNPs (DWSW-RBCNPs and DWSW/NGR-RBCNPs) were showed good distribution in the brains of experimental mice; the other RBCNP formulations (N-RBCNPs and NGR-RBCNPs) exhibited only minimal brain-targeting ability when compared with controls (basal fluorescence levels). As shown in Figure 5B, the distribution of DiR-labelled DWSW/NGR-RBCNPs in brain tissue was more intense than that of DiR-labelled DWSW-RBCNPs, thus suggesting the importance of dual modification. We also investigated the distribution of nanoparticles in other key organs that were harvested at the time of sacrifice. When comparing these other organs, we found that the liver showed the highest nanoparticle content, thus suggesting that the nanoparticles were mainly eliminated by this organ (Figure 5C). These results suggest that the DWSW/NGR-RBCNPs could mitigate the toxicity of EFL1.




Figure 5 | In vivo targeting ability test. In vivo real-time imaging of different DiR-encapsulated nanoparticles in the brain showing the biodistribution of nanocarriers in animals (A), brain tissue (B) and distribution of different DiR-encapsulated nanoparticles in different organs (C). The enhancement of targeted modification leads to increased brain fluorescence. As the liver plays a predominant role in the elimination of these nanoparticles, it was no surprise that the liver showed the highest levels of accumulation when compared to other organs. These data show that these nanoparticles can target drugs to the brain tissue in an effective manner.



To determine the targeting capability of the DWSW/NGR-RBCNPs to gliomas in vivo, we used DiI-labeled RBCNPs to perform immunofluorescence studies on mouse gliomas. As shown in Figure 6, unmodified DiI-labeled RBCNPs did not produce fluorescence at the tumor site, thus indicating that the RBCNPs were unable to reach the brain. Only a small number of DiI-labelled NGR-RBCNPs were seen to enter the brain tumor tissue, thus indicating that these nanoparticles were not able to penetrate the BBB effectively. In contrast, we found that DiI-labeled DWSW-RBCNPs were distributed throughout the brain, thus implying that these nanoparticles possessed good levels of ability to penetrate the BBB. DiI-labeled DWSW/NGR-RBCNPs showed stronger levels of fluorescence intensity than DiI-labeled DWSW-RBCNPs in the brain and were also able to enter tumor tissues. This suggests that dual-targeted modified nanoparticles successfully reach tumor tissues after crossing the BBB and BBTB. These results revealed the necessity for dual target modification involving DWSW and NGR.




Figure 6 | Targeted distribution of nanoparticles in brain tissue. Distribution of DiI-encapsulated nanoparticles in the brain of mice bearing intracranial C6 gliomas, as determined by confocal laser microscopy. The white line shows the margin of the intracranial glioma while the arrows indicate glioma cells. The green color represents DiI-encapsulated nanoparticles, while nuclei are shown in blue (DAPI). 784 DWSW/NGR-RBCNPs showed the strongest targeting ability. Scale bar, 20 μm.





Anti-Glioma Effect In Vivo

Using survival time as the main indicator, we performed in vivo pharmacodynamic tests on different types of nanoparticles, and used the survival time of each group of mice to plot Kaplan-Meier survival curves. Figure 7A shows that treatment with EFL1-loaded DWSW/NGR-RBCNPs achieved the best anti-glioma effect by prolonging the median survival time (36 d); this was 1.8-, 1.6-, 1.5-, 1.3-, and 1.2-fold, longer than that of normal saline, free EFL1, EFL1-loaded N-RBCNPs, EFL1-loaded NGR-RBCNPs, and EFL1-loaded DWSW-RBCNPs, respectively. Because of their inability to penetrate the BBB, the median survival time of the free EFL1 and EFL1-loaded RBCNP groups was similar to that of the normal saline group. Similarly, EFL1-loaded NGR-RBCNPs did not significantly extend the median survival time in the experimental mice. We found that NGR peptide-modified nanocarriers could not transport drugs into the brain tissue. In contrast, DWSW peptide-modified nanocarriers prolonged the survival time of experimental mice. When compared with other groups on day 16, tumor diameter was smallest in the group of mice treated with EFL1-loaded DWSW/NGR-RBCNPs, as determined by MRI (Figure 7B). According to previous reports (22), DWSW has the ability to improve the brain-targeting of nanodrug delivery systems. The current results indicate that EFL1-loaded RBCNPs with dual ligand functionalization could significantly improve the treatment efficacy for glioma.




Figure 7 | Antitumor effects of nanoparticles in vivo. Kaplan-Meier survival curves of nude mice (A), brain MRI images (B), and histological changes in gliomas (C) following treatment with different nanoparticles. The strongest therapeutic effect was achieved by the dual-targeted modified nanoparticles.



At the end of treatment, we used harvested brain tissue to perform histopathological examinations. Compared with other treatments, the mice treated with EFL1-loaded DWSW/NGR-RBCNPs showed the highest levels of apoptosis (Figure 7C). The normal saline group, free EFL1 group, and the EFL1-loaded RBCNP group, showed dense cellular tissues. The data showed that EFL1-loaded DWSW/NGR-RBCNPs were the most effective preparation for the treatment of gliomas.




Safety Evaluation

Nanoparticles can penetrate into membrane cells and spread along nerve cell synapses, blood and lymphatic vessels. The strong permeability of nanoparticles not only provides effectiveness for the use of drugs, but also poses a potential threat to biological health. In this research, the acute toxicity test in mice was used for safety evaluation. The diet of the experimental mice was maintained at a normal level, and no abnormality in body weight and behavior was observed. The analysis detected no obvious pathological damage in the organs of mice from the saline, free EFL1, and EFL1-loaded DWSW/NGR-RBCNP groups, as shown in Supplementary Figure S5A. Furthermore, the three different groups of mice all showed data within the normal range for the following parameters: red blood cell (RBC) count, white blood cell (WBC) count, mean red cell volume (MCV), hemoglobin (HGB), platelet count (PLT), and mean platelet volume (MPV) (Supplementary Figure S5B). Further analysis also showed that the following parameters were also within the normal range: alanine aminotransferase (ALT), aspartate aminotransferase (AST), uric acid (UA), triglyceride (TG), high density lipoprotein (HDL), and low-density lipoprotein (LDL) (Supplementary Figure S5C). These results indicate that at the experimental doses used herein, the mice showed no obvious abnormalities and no symptoms relating to acute or severe toxicity.




Discussion

In recent years, biomimetic nano drug delivery system represented by erythrocyte membrane has promoted the development of nanoparticles in the field of nanomedicine and pharmacy (54). Drug molecules can be coupled or complexed with host molecule, adsorbed on the surface, buried under the matrix, or enclosed in the cavity of carriers (55). Commonly used organic nanocarriers include liposomes, solid lipid nanoparticles, nanocapsules, nanospheres, micelles, etc., and inorganic nanocarriers include silica, Fe3O4, gold nanoparticles, etc. The physicochemical properties of the nanocarrier (size, shape, surface chemical properties, porosity, elasticity, etc.) will affect its biological properties. For example, the size can significantly affect the blood circulation and biological distribution, less than 6 nm is easy to be cleared by the liver, and more than 200 nm is easy to be captured by the liver and spleen. And 30-200 nm nanoparticles can aggregate in tumor site through EPR (enhanced permeability and retention effect) effect. In addition, the shape mainly affects cell phagocytosis, and the surface chemical properties will change the interaction with the physiological environment. Erythrocyte membrane coated nanoparticles have potential applications in many fields (56). First of all, anti-tumor therapy is the most widely studied, including chemotherapy and immunotherapy for glioma, breast cancer, lung cancer and so on. Secondly, inorganic nano carriers were encapsulated for tumor diagnosis and imaging, and the efficiency of photodynamic therapy medium was enhanced to improve its anti-tumor effect. Moreover, nanoparticles prepared by erythrocyte membrane can also be used to treat infectious diseases and autoimmune anemia (57, 58). Erythrocyte membrane is an ideal nanocarrier, and targeted modification enhances its precise treatment of diseases. In the future, it may be widely used in drug delivery, immune regulation, poison adsorption and other fields.

The use of chemotherapeutic approaches for glioma is very challenging. In this study, we developed functional targeted EFL1 nanoparticles in order to deliver drugs to tumor tissue. Historically, the most problematical aspect of delivering drugs into the brain is that most anticancer drugs are unable to penetrate the BBB and BBTB. As a consequence, functional targeted drug nanoparticles are becoming an increasingly attractive option for the treatment of brain cancer. Targeting ligand-modified drug-loaded nanoparticles can improve drug transport through the BBB by recognizing specific receptors that are overexpressed and thus triggering the process of receptor-mediated endocytosis. Of these receptors, the QS receptor is an effective targeting ligand for transporting drugs across the BBB while CD13 can be used as a tumor marker, or tumor cell surface antigen, to transport drugs through the BBTB. In this study, we synthesized DSPE-PEG2000-DWSW and DSPE-PEG2000-NGR conjugates. These were integrated into drug-loaded nanoparticles to transport drugs across the BBB and then target tumor cells. The observed cytotoxicity reflected the levels of apoptosis induced in cancer cells by functional targeted nanoparticles. Transport capacity across the BBB was confirmed by the use of a co-culture model. The analysis of mice with intracranial gliomas clearly demonstrated the accumulation of functional targeted DiR nanoparticles in the brain. The in vivo experiments, using mice with intercranial gliomas, confirmed that the targeted DiR nanoparticles exhibited strong antitumor and curative effects, but with minimal levels of toxicity to the experimental animals. As a new drug delivery system, RBCNPs could be used to “disguise” nanoparticles as endogenous substances, thus reducing the risk of recognition by the immune system and uptake by the reticuloendothelial system.



Conclusions

In the current study, we constructed dual-modified erythrocyte membrane-enveloped PLGA nanoparticles. By modification with DWSW and NGR peptides, the newly developed nanoparticles could be used to deliver drugs to gliomas via systemic administration. This drug carrier has two outstanding characteristics: a biomimetic structure and dual targeting capability. DWSW/NGR-RBCNPs were first able to penetrate the BBB and the BBTB, and then target glioma cells. EFL1-loaded DWSW/NGR-RBCNPs significantly improved the efficacy of anti-glioma treatment both in vitro and in vivo. This research provides a new targeting strategy for the treatment of gliomas. Preliminary validation results showed that NGR and DWSW represent effective ligands for the modification of nano-drug delivery systems. Collectively, the data indicate that DWSW/NGR-RBCNPs have significant potential as a targeted drug delivery system for the treatment of glioma.
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Hedgehog (Hh) signaling aberrations trigger differentiation and proliferation in colorectal cancer (CRC). However, the current approaches which inhibit this vital cellular pathway provoke some side effects. Therefore, it is necessary to look for new therapeutic options. MicroRNAs are small molecules that modulate expression of the target genes and can be utilized as a potential therapeutic option for CRC. On the other hand, nanoformulations have been implemented in the treatment of plethora of diseases. Owing to their excessive bioavailability, limited cytotoxicity and high specificity, nanoparticles may be considered as an alternative drug delivery platform for the Hh signaling mediated CRC. This article reviews the Hh signaling and its involvement in CRC with focus on miRNAs, nanoformulations as potential diagnostic/prognostic and therapeutics for CRC.
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Introduction

Colorectal cancer (CRC) is one of the leading causes of death globally with incidence rate around two million (1). A number of factors such as the dietary habits, family history, inflammatory bowel disease, elevated body mass index, socioeconomic status, environmental and genetic factors affect the likelihood of developing CRC (2). Despite advancements in the preclinical and clinical researches, devising a suitable cure for CRC still remains bleak. Thus, researchers keep pursuing on personalized and targeted therapeutic approaches, development of efficient diagnosis/prognosis biomarkers and clinical management which could inhibit CRC development. The molecular landscape of CRC is multifarious and governed by various signaling pathways such as the hedgehog (Hh) signaling and Wnt signaling pathways which orchestrate growth and development of tumor cells (3). Hh signaling play a crucial role in regeneration of adult tissues by regulating the stem cell behavior. It also interacts with other vital signaling molecular cascades to control cellular proliferation, polarity and differentiation (4). Aberrant expression of Hh signaling is reported to be the culprit of dysregulation in cellular behavior and contribute in the onset of many human malignancies (5). Hh signaling and aberrant expression of targeted molecules promote tumor microenvironment and induce stemness of cancer cells (6, 7). Aberrant expression of Hh signaling cascade has been reported to contribute in the cancer progression and metastasis including medulloblastoma, basal cell carcinoma, breast cancer, liver cancer, pediatric soft tissue cancer, prostate, stomach, pancreas, and colon cancer (8). Invertebrates and vertebrates share common signaling molecules and mechanism in general, involving Hh ligands, patched1/2 receptor, transcriptional factors GLI-1/2/3, smoothened (SMO) as a critical signal transducer and variety of regulatory molecules (8). In mammals three Hh genes have been identified namely, sonic hedgehog (SHH), Indian hedgehog (IHH), and Desert hedgehog (DHH) which play a vital role in the embryonic development and regeneration of different organs (9). Hh signaling pathway can modulate the self-renewal of cancer stem cells (CSCs) most commonly in hematological malignancies, breast cancer, and CRC (10). There has been significant progress regarding the development of small molecule inhibitors to block Hh signaling. Several of these molecules have been included in the clinical testing stage. Yet finding a sustainable small molecule inhibitor is still a challenge. On the other hand, microRNAs (miRNAs) are small molecules that effectively regulate and modulate the expression of target genes (11). Exploring miRNAs as diagnostic tool can aid in better clinical management of CRC. Nanoformulations have been investigated in many diseases for their efficient sustainability, limited cytotoxicity, increased bioavailability and few side effects. These features have urged scientists to explore these as a therapeutic option for different cancers. In this review, we delineate Hh signaling pathway as a vital therapeutic target for CRC and shed light on the role of miRNAs that may be used as potential diagnostic marker and therapeutic target for CRC. Furthermore, the role of nanoformulations as contenders for targeted delivery of Hh signaling inhibitors for the treatment of CRC is discussed.



Hedgehog Signaling in Cancer

Molecular link of Hh signaling with cancer was reported in basal cell carcinoma when mutation in human PTCH1 gene was observed (12, 13). It was confirmed that mutation in PTCH1 is responsible for SMO activation to trigger aberrant Hh cascade activation to induce carcinogenesis (Figure 1) (14, 15). Similarly, increased expression of Hh targeted gene was reported in different carcinomas including meningiomas, medulloblastoma (16), small cell lung carcinoma (SSLC), gastro-intestinal cancer (17), and colon cancer. Experimental work on genetically engineered mice models exhibits that in knock-out PTCH gene mice model organism, increased expression of SMO was observed with increased tumor size. The same experimental study designed to knock out SMO in mice models revealed reduction in  tumor size and metastasis (6). However due to the complex behavior of cancer onset and variation in contributing factors, no significant molecular evidence was reported in KRAS associated onset of pancreas and prostate cancer (18). Hh signaling has been associated with cellular proliferation, tissue polarity, stem cell transformation and carcinogenesis. The first molecular association of Hh signaling with cancer was established in 1996 during experimental studies on Gorlin syndrome. Hh signaling was considered as a novel therapeutic target of cancer by clinical use of Hh inhibitors (erivedge/vismodegib) and was approved in 2012 by the FDA to treat basal cell carcinoma (BCC). In this article, Hh signal in carcinogenesis and recent molecular strategies to tackle cancer cell progression using Hh inhibitors (19) were discussed.




Figure 1 | Therapeutic potential of miRNA inhibitors by targeting aberrant signaling cascades.



Cancer is a complex heterogenetic disorder that transform cellular microenvironment and involves multiple and complicated crosstalk of signaling pathways. In PTCH+/− mice models, inhibition of Hh signaling is an approach to limit cancer cell proliferation (20). It is also observed that STAT-3 knock-out significantly reduce the Hh-mediated delivery of BCC (21). It is widely accepted that Hh signaling has close association with the growth factor mediated pathways as Hh signaling is reported to regulate the platelet derived growth factor ᾳ (PDGFR-ᾳ). Furthermore, molecular crosstalk of Hh is reported to interplay with many other pathways including NOTCH, mTOR, Wnt, Muc5, EGF, IGF, TGF-β, RACK1, and PKC in different types of cancers (22–25). It has been observed that TGF-β regulates tumor microenvironment, while PDGFR-ᾳ and Notch play key role in triggering CSC (22, 25). Recent studies highlighted that inhibition of Hh signaling in cancer cells could be the iron gate for cancer therapy in many cancer types (21).

Aberrant Hh signaling is a distinguished feature of various human cancers (26). Gli1 and Gli2 are the two Hh pathway target genes that are overexpressed in the CRC (27). A gene expression microarray study conducted on 382 patients showed that Gli-1 was overexpressed in CRC patients. The expression of this target gene was responsible for the tumor recurrence and poor survival outcome in patients. In addition to this treatment of cell lines such as the HCT-116, SW480 and SW620 with SMO inhibitor GDC-0449 decreased the expression Gli target genes such as the PTCH1, HIP1, and MUC5AC. Furthermore, treatment of cell lines with GDC-0449 upregulated the expression of growth arrest gene p21 and downregulated the expression of cyclin D1 (28). The genetic silencing of SMO with 5E1, a specific antibody, prevented cell migration and invasion along with reduction in the expression of Hh target genes Gli-1 and Gli-2 (28). These findings suggest that Hh signaling affects cell plasticity, proliferation, invasion, and migration in CRC.

CSC functionality and polarity are dependent on the Hh signaling pathway (29). It has also been reported that Hh signaling induces chemotherapy and radiotherapy resistance in cancer cells (30, 31). However, Hh inhibitors are reported to promote delivery of chemo-therapeutic agent including IPI-926 (31).

Hh signaling pathway has its prime role in embryogenesis, i.e. cell differentiation and growth. It does not always active in all adults cells. However, in cells where stem cell development and growth is required, Hh signaling triggers on (32). Genes involved in the cellular differentiation i.e. proto-oncogenes and growth factors are targeted by Hh pathway, but if these pathways get activated by any mutation or if its regulation gets disturbed, then it may lead to tumor development (33). It has been observed that abnormal activation of the Hh pathway can lead to CRC. Molecular evidence realized that in CRC tissues, SHh ligand gets higher in number and increase the expression of all its downstream components, particularly SMO upregulates dramatically and difference in expression of GLI1 protein is observed. From different studies, it was revealed that SHh is a paracrine factor that works like aberrant p53 to inhibit anti-oncogenes (34). SMO activation in an abnormal way causes progression in colon cancer, and its expression was sharply upregulated in colon cancer tissues as compared to the non-cancerous colon tissues. It was observed that SMO expression is directly proportional to the stages of cancer so its level of expression can be used as an independent biomarker for liver postoperative metastasis to liver (35). Similarly, a different expression level of GLI1 was noted in normal tissue and cancerous tissue. Increased expressions of GLI1 cause activation of Hh signaling, which induce anti-apoptotic and anti-inflammatory effects on cancer cells. These alterations are potential driving forces for therapeutics to target GLI by molecular inhibitors to induce the cellular deaths of colon cancer cells. In one study it was reported that GLI1 regulation is exceptional in colon tissues and it is also related to lymph node metastasis (36). Recently, tumor suppressor gene RUNX3 is reported to play a decisive molecular role to limit endothelial proliferation in CRC. It has been observed that RUNX3 expression has inverse correlation with GLI-1 protein and it promotes GLI-1 ubiquitination in CRC. Molecular interplay of RUNX-3 gene to limit metastasis and stemness by targeting hedgehog signaling cascade could be a new contributing therapeutic agent to conquer the unbeatable fort of carcinogenesis (37). Inhibitors of hedgehog pathway are recognized in the scientific community as a therapeutic strategy for cancer treatment. Hh inhibitors hold promise for the development of a potential treatment option in CRC as its results have been proved to be very promising, suggesting that the targeting treatment of signaling pathway is a hopeful way for antitumor treatment. Therefore, the members of hedgehog signaling pathway are considered as significant therapeutic targets for the clinical treatment of colon cancer (38). The Hh signaling pathway has been seen to act as an antagonist to Wnt pathway, which is directly involved in the rapid increase of CRC cells. 90% of CRC have an active mutation in the Wnt pathway; particularly APC gene mutations are responsible agent, but Hh pathway mutations were not found as a molecular culprit in majority of CRC cells (39). There is mounting evidence that over-expression of SHh and SMO participates in the onset of multiple cancers, also recognized as SHh related carcinomas (40). Both these pathways have a significant relation between them in the occurrence and development of CRC and have numerous avenues for molecular crosstalk between the two pathways (41). The colon’s mucosa has a film of epithelial cells which gets replaced every week. It replaces large number of progenitor cells and generates plenty of new cells every day at the bottom of crypts i.e. small mucosal invaginations. Maintenance of the balance of cell is regulated by extrinsic signals. Morphogens, soluble proteins that make a long range of concentration gradients, produce cellular responses to target cells from a distance in a dose dependent way. It has been proved that morphogens are the main regulator in adult colon and support the notion that both Wnt and Hh pathways have significant roles in CRC (42). The metastatic transition of human colon carcinomas, which mainly occurs in the CD133+ epithelial tumor stem cell population, includes deregulation of the Wnt–TCF pathway and upregulation of the HH–GLI pathway (43). During this phase of metastatic transition all ligand-driven signaling pathways of Wnt are inhibited. In both CD133+ and CD133− cells of colon carcinoma signatures of expression of gene in various stages show that activity of Wnt–TCF i.e. non-metastatic stops at early stages in colon carcinomas and to become metastatic, the HH–GLI works actively in stem cells. The molecular linkage was established in the deregulation and upregulation of early adenoma-like Wnt–TCF and HH–GLI1 respectively. It was experimentally proved that upregulation of HH–GLI causes downregulation of TCF and thus results in low Wnt–TCF and high HH–GLI expression in metastatic colon carcinomas. It was also observed that silencing of TCF induces the HH–GLI signaling. The high regulation of Wnt–TCF causes transcription repressor GLI3 and high regulation of HH–GLI causes repression of Wnt–TCF and GLI3 (44).

Drug resistance, tumorigenesis, tumor progression, metastasis, and tumor recurrence are the key functions that are regulated by the CSC (45). These are subpopulations of cancer cells with the ability of self-renewal. The Hh signaling pathway has been reported to be involved in the activation of CSCs in various neoplastic tumors such as the glioblastoma, leukemia, and myeloma (46). The activated stem cells have been demonstrated to play a pivotal role in the progression, metastasis, and recurrence of tumors in colon, breast, liver, and pancreatic tissues (47). In addition to its involvement in regulating the CSCs, the Hh signaling along with the SMO and Gli signaling pathways promotes cell migration, growth, and self-sustenance of CSCs (48). The non-canonical Hh-signaling has been reported as a crucial mediator for the survival of CSCs (49). Both the canonical signaling and non-canonical signaling are pivotal in regulating the expression of key genes involved in growth and proliferation of cells (45). Accumulating lines of evidence have reported the fact the aberrant non-canonical hedgehog signaling can trigger uninterrupted cellular growth in CRC. Zhang et al. demonstrated that both SMO and Gli proteins were overexpressed in colon cancer cells and colonic adenoma tissues (38). The SMO expression has been related to prognosis and tumor status in CRC patients. The CSCs are pivotal in stemness and growth of CRC. New studies have begun to shed light on the fact that non-canonical Hh signaling and Wnt signaling are the two key molecular cascades that are disrupted in CRC stem cells. Both canonical and non-canonical Hh-signaling positively and negatively regulates the expression of Wnt in CRC stem cells. Regan et al. demonstrated that non-canonical Hh signaling had a positive role in maintaining growth and differentiation of CRC stem cells. Moreover, continuous overexpression of non-canonical Hh signaling promoted resistance in CRC stem cells and increased their survival in a PTCH1-dependant, Gli-independent manner. In addition to this, SMO dysregulation has been affiliated with CSC growth and differentiation targeting; the dysregulated SMO can be a potential target for the treatment of CRC (50). A specifically designed Hh signaling antagonist GDC-0449 (Vismodegib) has been reported to suppress growth and trigger apoptosis in colon cancer cells via downregulating the expression of Bcl-2 (51). Another study confirmed that GDC-0449 has the ability to initiate apoptosis, decrease cellular plasticity and invasiveness of CRC (28). Altogether these findings indicate that non-canonical Hh-signaling has a regulatory role in progression and spread of CRC via CSCs modulation. Cancer is a multifactorial disease. There are number of factors such as the age, genetic predisposition, alteration in the genetic framework, diet and habits that can trigger tumorigenesis (52). Studies over the past decades have evidenced the involvement of various mutations in the signaling machinery that contribute towards development of cancer (53). Development of CRC like several other tumors involves mutations in the signaling machinery. Mutations in KRAS, MYB, and BRAF are the most critical mutations that trigger tumorigenesis and can be targeted for therapeutic purposes (54–57). The role of Hh signaling in CRC is still questionable. The exact mechanism by which Hh signaling triggers growth and proliferation, invasiveness and metastasis in CRC still requires aggressive research. The scientific community seems divided on the role of Hh signaling in CRC. Accumulating lines of evidence have suggested that Hh signaling has the following implications in CRC: 1) Hh signaling is expressed variably in CRC, and CRCs as different components of the Hh signaling machinery are expressed differently. 2) Hh pathway can trigger mutations in CRC. 3) Hh signaling plays a role during the transformation of the cells from adenoma-to-adenocarcinoma. 4) The SMO has the most crucial role in the regulation of carcinogenesis of CRC (58, 59). Taken together, it can be evidenced here that the Hh role in CRC still requires plenty of research.



Role of miRNAs in Colorectal Cancers

MiRNAs are short non-coding single-stranded nucleotide sequences (60), which affect almost all physiological processes in cells such as development (61, 62), proliferation (63), differentiation (64), apoptosis (65), signal transduction (66) and many more. The altered expression patterns of miRNAs are tightly linked with a wide range of anomalies including various cancers; thus miRNAs screening could serve a very good therapeutic and diagnostic tool in molecular biology (67). Till date, more than 25,000 miRNA sequences have been identified, and this number is growing fast amid current research interests in miRNAs all over the world. According to an estimation, 3–4% of human genome comprises of miRNAs (68). These miRNAs interfere with numerous key regulators of cellular processes by binding with post-transcriptional products. For this reason, miRNAs are considered as important biomarkers for many cancers including CRC (42). In this section, we shall focus on miRNAs which interact with Hh signaling and may affect CRC. There is a long list of miRNAs which affect CRC progression. More than 500 miRNAs have been found to be linked with CRC. Among these miRNAs few miRNAs such as miR-21 (69), miR-143, and miR-145 are reported most frequently and are summarized in (70). These miRNAs interact through various signaling pathways. For example miR-143 significantly inhibits KRAS which ultimately suppresses CRC (71). However, another study has shown the opposite phenomenon where reduced levels of miR-143 expression were detected in CRC tissues. Interestingly transfection of cells with transient miR-143 turns the cells to mimic SW480 cells, a CRC cell line, resulting in increased levels of cell proliferation and apoptosis (72). Thus, we may say that the role of particular miRNAs may also vary depending upon the cell type. On the other hand, the role of miR-145 remains much consistent as CRC suppressor in many studies. There has been a reverse interaction between erythroblast transformation-specific (ETS)-related gene (ERG) and miR-145 in CRC. Increased ERG results in decreased miR-145 levels and promotes CRC. The overexpression of miR-145 suppresses CRC by decreasing expression of ERG (73). A similar relation between P21-activated kinases 4 (PAK4), and miR-145 was also observed where miR-145 appeared to downregulate phosphorylation level of LIMK1 and cofilin in SW1116 cells through PAK4 (74). miR-224 activates the Wnt/β-catenin signaling by deregulation of GSK3β and SFRP2 to translocate β-catenin in CRC (75). Similarly, miR-361 is also downregulated in CSC (65). miR-150 is negatively correlated with circular RNA named Circ-ZNF609 and important transcription factor of hedgehog signaling i.e. Gli1 in HCT-116 cells (76). Another study stated that overexpression of miR-150 positively affect the EMT and subsequent downregulation of Gli1, further confirming the role of miR-150 in CRC through hedgehog signaling (77). Similarly, miR-142-3p appeared to promote cell invasion in CRC by upregulation of RAC1 (78). There are miRNAs also targeting other key regulators of hedgehog signaling. One such miRNA-378 inhibits SUFU and promotes cell survival and tumor growth (79). Another molecule, miR-146a, activates the Wnt pathway and stabilizes β-catenin, thereby promoting CRC by regulating the symmetrical cell division by a feedback loop of Snail-miRNA-146a-β-catenin (80). All variants of hedgehog pathways work upstream of epithelial-mesenchymal transition (EMT) (81). A number of miRNAs regulate EMT in CRC such as miR-29c which has been shown to be remarkably downregulated and also associated with metastasis and significantly shorter patient survival and this effect was reverted by transient expression of miR-29c (82).

MiRNAs are crucial molecular factors to regulate post-transcriptional processing, and more than 60% protein coding genes are expected to regulate miRNAs, and their dysregulation is often reported to trigger different human disorders including cancer. In recent years, many reports highlighted the significance of miR-34a as tumor suppressive molecular entity. It has been figured out that miR-34a has inverse relation with the cancer progression, and the expression of miR-34a declines with the increased progression of cancer and vice versa (83).

Scutellaria barbata (SB) is a natural compound and has been used for years as a potential compound among traditional Chinese medicines against multiple cancers. In vitro and in vivo clinical trials have proved that its ethanol extract of SB is an effective agent to induce apoptosis and limit cancer cell proliferation (84). Ethanol extract of SB has been found effective against human CRC HCT-8 cells and regulates miR-34a expression. Molecular assay confirmed that SB extract upregulates the miR-34a expression and negatively regulates the Bcl-2, Notch and Jagged-1 gene expression. miR-34a mediated down-stream targeted gene regulation plays a decisive role in apoptosis and limits cancer cell proliferation. In one of the studies, exogenous inactivation of miR-34a by using anti-miR-34a oligonucleotide triggers Bcl-2, Notch1/2, and Jagged-1 genes and promotes cancer growth (84, 85). Activation of miR-34a has been associated with regulation of various cellular processes including apoptosis, proliferation, and invasion (85). Molecular evidence also established a link of miR-34a with downregulation of Notch1/2 in colorectal CRCs (86).

miR-449a has been documented as tumor suppressor gene and has been closely associated with SATB2 in different cancer types including CRC cells. SATB2 could be used as diagnostic marker for CRC and has comparative negative association with miR-449a. It has been noted that in CRC xenograft mouse models, increased expression of miR-449a promotes apoptosis by negatively regulating the expression of SATB2 (87). Similarly, molecular link has been established to understand the transcriptional deregulation of SMO by miR-326, and it was observed that upregulation of miR-326 negatively regulates SMO protein to induce apoptosis and limit cellular proliferation (88, 89).

Aberrant expression of GLI-1 (Glioma associated oncogene homolog 1) is a key culprit in the metastasis, invasion, and proliferation of various cancer cells. Ample lines of evidence have shown that expression of miR-150 declines with the pathogenesis of CRC. NCM-460 and SW-620 CRC cell lines were examined by using dual luciferase assay to decipher the molecular relation of miR-150 with GLI-1, and it has been noted that miR-150 inhibits the expression of GLI-1 protein in Hh signaling (77). Molecular evidence has proved that Hh is a cellular event responsible for structural development, cellular regeneration, and stemness. In multiple myeloma cancer (MMC), inverse relation of miR-324-5p and hedgehog signaling has been observed. Increased expression of miR-324-5p has significant inhibitory effect on SMO and GLi-1 and limits cancer stemness of cells (90). Pro-oncogenic effect of miR-212 is identified, and molecular relation was established that miR-212 induces pancreatic ductal adenocarcinoma (PDAC) by targeting PTCH-1 (91). miR-361-3P has been reported to have profound impact on different cancers including prostate cancer, breast cancer, lung cancer, and cervical cancer. To decipher the molecular interplay of miR-361-3p in retinoblastoma (RB) tissue and RB cell lines, Weri-Rb-1, and Y79, real-time PCR analysis was performed, and it is concluded that miR-361-3p expression is downregulated with cancer progression. Forced expression of miR-361-3p is reported to limit cancer cell proliferation by targeting GLI-1/3 and sonic hedgehog signaling (92). Multiple miRNA expressions have been associated with the onset of breast cancer including miR-454-3p, miR-130b-3p, miR-421, and miR-301a-3p. These miRNAs are noted to target PIEZO-2 gene. Downregulation of PIEZO-2 gene in breast cancer has been molecularly linked with estrogen and progesterone receptors which are responsible agents for Hh signaling cascade in breast cancer (93).

Extensive research work on miRNAs has been done in recent years to unfold the molecular complexity of carcinoma and to bridge the gap towards new and effective therapeutic approaches. miR-338-3p interaction with hedgehog pathway by using recombinant lentiviral vectors PLV-THM-miR-338-3p and PLV-THM-miR-338-3p inhibitor has been reported and successful transfection in SW-620 CRC cells was achieved. Increased expression of miR-338-3p was observed, it significantly suppresses SMO protein and inhibits proliferation ability. Molecular interplay of miR-338-3p is also confirmed by using PLV-THM-miR-338-3p inhibitor, and it was concluded that it upregulates the SMO protein expression to initiate hedgehog signaling pathway and induces CRC onset. miR-338-3p could be a therapeutic agent to suppress CRC growth by targeting SMO, (Figures 2 and 3) (94). Now, withstanding the fact that SMO is a possible target of miR-338-3p. 40 CRC tissue samples and 2 CRC cell lines, SW620 and SW480 were investigated to understand the corresponding protein expression of SMO and miR-338-3p by using semi-quantitative RT-PCR, western and northern blotting assays. It was established that miR-338-3p plays a significant role in metastasis and progression of CRC carcinoma (95).




Figure 2 | miRNAs targeting SMO oncogenic hedgehog pathway to induce apoptosis in CRC.






Figure 3 | Molecular interplay between several miRNAs and their downstream target genes to induce apoptosis.



Accumulation of genetic and epigenetic errors can trigger the aberrant signaling cascades. miRNAs are the critical key players to fine-tune genetic expression upon exogenous factors including DNA hypermethylation, hypomethylation, histone modification, and deacetylation. Thus epigenetic-miRNA regulatory molecular cascades are the contributing agents for onset of different types cancers (96). Tumorigenic activation of SMO by over-expression of Shh ligand is reported as responsible agent in 40% cases of human hepatocarcinogenesis (97). Molecular balance between cellular proliferation, differentiation, and renewal is modulated by epigenetic regulatory network and miRNAs. miRNAs are the functional short RNAs that control stemness of cancer cells and promote stem cell self-renewal (97). CSCs are believed to be the critical source for tumor initiation. It has been reported that SHH signaling has reprograming potential for epigenetic memory power within CSCs to modulate cancer hallmarks. miR-302-367 clusters regulate cellular plasticity molecular cascade by engaging cyclin-D1, CDK-4, OCT-4 and SOX-2 genes (98).



MicroRNAs as Master Regulator of Stemness and Metastasis

Cancer stem cells are the cells with self-renewal potential within the tumor and are the key responsible agent for radio- and chemo- resistance behavior of cancer cells. Increasing evidence strongly suggests that CSCs are the responsible factor for the onset of carcinogenesis in many human cancer types as cancer cells have self-renewable stem cell like characteristics. Several microRNAs expression have been associated to regulate cancer stemness pathways and its downstream targeting genes (115). Tumor cells were believed to derived from normal stem cells or progenitor cells that undergo genetic or epigenetic modification and transform themselves into CSCs by attaining unlimited self-renewable and differentiation potential (116, 117). Recent findings provide striking evidence that dysregulation of miRNAs regulates CSC characteristics and induces tumorigenesis, and multi drug resistance behavior of cancer cells. The four basic stemness transcriptional factors, OCT4, Nanog, Sox2, and Rex1 are responsible entities for cellular pluripotency and differentiation (118, 119). Recent molecular evidence supports the notion that members of the miR-290 family provide protective defense again differentiation defects in ESCs and play a key role for OCT-4 stability (120). miR-302 family is reported to limit the self-renewal ability and cellular differentiation by regulating the expression of key genes in stem cells. miR-34 family members contribute effectively in P53 dependent reprograming of human ESCs, and it has been noted that loss of functional ability of miR-34 is associated with the upregulation of pluripotency genes including N-Myc, SOX2, and NANOG (115). miR-34a is also reported to modulate neural differentiation by targeting SIRT1. It has been widely accepted that miRNAs are the potential contributors to regulate stem cell properties and stemness of cancer cells (115).

To understand the molecular underpinning of cancer stemness, CSCs were isolated from SW-1116 colon cancer cell lines with both CD133+/CD44+ and CD133−/CD44− surface phenotype antigen for comparative analysis. Researcher found 62 differentially expressed miRNAs in cancerous and non-cancerous stem cells and noted 31 miRNAs overexpressed including miR-29a and miR-29b, as well as 31 miRNAs under-expressed including miR-449a, miR-4524, and miR-451 (117). Exogenous expression of miR-451 declines the self-renewable capacity of stem cells and decreases multi drug resistant potential of cancer cells. Induced expression of miR-451 negatively regulates COX-2 gene that plays a decisive role in Wnt cascade activation and is believed to act as complementary factor for CSC activation. Wnt pathway has a key association with intestinal stem cell regulation and reported to linked with colon cancer onset (117, 121). Inhibition of Wnt pathway leads to the degradation of β-catenin in the cytoplasm and is unable to initiate epithelial renewal. Increased expression of miR-21 is noted to induce stemness by regulating Wnt activity and thus initiates carcinogenesis by inhibiting the tumor suppressor gene, TGF-βR2, that is a key regulatory gene for cellular differentiation (122). One of the fundamentals signaling pathway to regulate colon stemness is Notch. Notch cascade activation is believed to induce cellular proliferation of progenitor cells. miR-34a is shown to downregulate Notch signaling activity and regulate cellular differentiation of targeted cells and colon stem cells (123) (Table 1).


Table 1 | MicroRNA mediated control of CRC stemness and progression.




Putative Markers for CRC

LGR5 is a member of G-protein coupled receptor that can interact and trigger activation of Wnt signaling via binding to furin-like repeat FU2 domain of R-spondin (133). LGR5 has been reported to be a putative marker for CRC stem cells. It has come to light less lately that LGR5 triggers the activation of both Wnt and TGF-β signaling in cancer stem cells. Overexpression of LGR5 increases drug resistance and cancer stemness in both brain tumors and CRC. LGR5 has been reported to have high expression in most of the CRC cell lines and adenomas but this overexpression has nothing to do with progression of tumor as presence of LGR5 increases cell-cell adhesion which in turn promotes stemness and hampers invasiveness and migration (134). Experimentation conducted on the triple positive cells having LGR5-positive subpopulations demonstrated peculiar characteristics of self-renewal, differentiation, colony formation, tumorigenicity, and stemness (135). These findings suggest that LGR5 is a putative marker of CRC stem cells. A transgenic mice experiment confirmed the status of LGR5 as CRC stem cell marker. Addition of suicide gene to a transgenic mice genome that was activated in the presence of overexpressed LGR5 and tamoxifen resulted in the death of LGR5 rich colorectal stem cells. The absence of tamoxifen resulted in differentiation of LGR5 CSCs (136). From these findings it can be concluded that LGR5 is a putative CSC marker that should be considered as potential target for advanced grade CRC and such CSCs must be eradicated before the start of any combinational therapies for CRC. CD44 is a surface protein responsible for interaction between cells and also plays vital role in the adhesion and migration of the cells (137). The CD44 has a specific binding site for hyaluronic acid which facilitates interaction with selectin, osteopontin, fibronectin, laminin, and collagen in the extracellular matrix (138). The binding of hyaluronic acid with CD44 results in the activation of epidermal growth factor receptor family kinases such as the MAPK and PI3/AkT that in turn promotes growth and proliferation in various cancers (138). Majority of CSCs population have CD44 surface markers along with other cell surface markers that increase invasiveness and stemness (139). Considering its abundance in CRC tumorous stem cells it has been reported as putative marker for the detection of invasiveness and metastasis. Cluster differentiation 24 is an emerging biomarker for CRC (140). Overexpression of CD24 is affiliated with tumor differentiation, invasion metastasis (141). In addition, CD24 overexpression also promotes poor survival rates in the patients with CRC. These findings suggest that CD24 involvement increases stemness in CRC stem cells and may be used as a prognostic marker for patients with CRC.




Nanotherapeutics as an Approach for the Treatment of CRC

Hh pathway can be targeted by the specific inhibitors at various sites. Therefore, inhibitors of Hh pathway are useful anti-cancer agents. Till now, several small molecules inhibitors have been developed tested for their inhibitory effects on Hh signaling pathway. A natural alkaloid cyclopamine obtained from the corn lily V. californicum is the first Hh inhibitor reported. Cyclopamine impedes the functioning of smoothened via inhibiting its attachment to the heptahelical bundle (142). However, cyclopamine has several drawbacks such as the limited bioavailability, chemical instability, and shorter half-life. Therefore, it cannot be considered as potential therapeutic target. Several small molecule antagonists such as the SANT1, SANT2, SANT3, SANT4, CUR-61414, and GDC-0449 have been synthesized and evaluated in pre-clinical models for their anti-cancer activity in various solid tumors (143). The Hh small molecule inhibitors were first evaluated in basal cell carcinomas. Vismodegib a small molecule inhibitor of SMO is the first reported drug used for the treatment of basal cell carcinoma (144). In comparison to the cyclopamine, vismedegib was efficient to culminate cancer growth in both advanced and metastatic basal cell carcinomas. Over the years new therapeutic interventions in the development of SMO for Hh signaling antagonists such as LDE225 also known as the sonidegib has increased the drug efficacy via increasing tissue absorption and better penetration in the blood brain barrier for skin cancer and brain tumor respectively (144). There are several SMO antagonists designed to inhibit Hh pathway are in clinical trials that specifically target medulloblastoma, ovarian cancer, pancreatic cancer, and colon cancer (145). Yet the clinical success of these antagonists is still limited. In order to understand the effects of these SMOs on hedgehog dependent inhibition of CRC further investigation is required for finding suitable and effective drug. In recent years huge development in the field of nanotechnology has enabled us to devise efficient therapeutics for various diseases (146). In addition to this, nano-carriers have greater efficiency in delivering drug to target site with limited cytotoxicity. These observations have urged scientists to seek more efficient nano-drug delivery systems that can hamper cancer progression and increase apoptosis. There have been some serious drawbacks of utilizing SMO as inhibitors of Hh signaling (147). The SMO antagonists have poor bioavailability, drug resistance and non-specific activation of Gli (148). Nanoformulations can address these drawbacks by increasing bioavailability, reducing drug resistance and specific activation of Gli. Based on current data there are two types of nano-based Hh signaling inhibitors: Natural Inhibitors and synthetic inhibitors. Cyclopamine comes under the list of natural inhibitor that has faced severe criticism because of its limited bioavailability, poor solubility, and several side effects. However, nanoformulations of cyclopamine have reduced these obstacles. It has been reported that cycolopamine loaded lipid nanoparticles (NPs) efficiently reduced the growth of radiation therapy treated breast and pancreatic cells (149, 150). In another study, polymeric nanoparticles designed to carry both cyclopamine and doxorubicin reduced the growth in orthotropic breast cancer model (151). The polymeric nanoformulations of cyclopamine and paclitaxel successfully cured prostate cancer (152) and pancreatic cancer (153) in combination with chemotherapy in mice. A biomimetic nanoparticle delivery system having cyclopamine encapsulated in erythrocyte membrane camouflaged PLGA resulted in super enhanced bioavailability of cyclopamine. Moreover, a combination of biomimetic NPs with paclitaxel NPs increased the delivery of paclitaxel to the tumor tissue increased tumor profusion and inhibited tumor growth in vivo (154). Vismodegib an FDA approved natural inhibitor for Hh signaling pathway has limited solubility and bioavailability. The polymeric nanoformulations for vismodegib have resolved these issues. The encapsulation of vismodegib in SN38 pro-drug polymer which is an active metabolite of irinotecan to treat pancreatic ductal carcinoma resulted in decreased tumor growth and reduced fibrosis. In addition to this SN38 NPs facilitate the inhibition of Hh signaling which is crucial for the communication between tumor and stromal cells. SN38 NPs provided better diffusion for vismodegib thus prevented the drug resistance. SN38 NP encapsulation of vismodgib suppressed Gil1 expression in the tumor microenvironment of xenograft model suggesting the fact that SN38 NPs could aid in restoring normal drug resistance of the tumor cells (155). In another study, pH-responsive polymeric NPs containing vismodegib and gemcitabine inhibited growth of pancreatic cancer cells (156). From these findings, NP mediated drug delivery of Hh signaling inhibitors can be used a potential tactic to trigger chemotherapy. Apart from cyclopamine and vismodegib, several other natural Hh signaling inhibitors have been reported to be delivered by the nanofomulations. Anthothecol carrying PLGA nanoparticles have been reported to suppress proliferation and colony formation of pancreatic cancer stem cells through modulating the activity of the Gli-DNA binding (68). Another study confirmed that α-mangostin carrying PLGA nanoformulation disrupted the Gli-DNA binding activity in pancreatic cancer cells. This resulted in decreased growth, development, and metastasis of pancreatic cancer stem cells (157). Nanoformulation of glabrescione B has been reported to show tremendous anti-cancer activity in a Hh dependent manner (158). Nano-carriers have been employed in the delivery of the synthetic inhibitors of Hh signaling pathway. Quinacrine a synthetic inhibitor of Hh signaling when loaded into NP formulation triggered the recruitment of GSK-3β and PTEN which induced the apoptosis in cancer stem cells. In addition to this qunacrine loaded NPs also reduced the expression of Gli vital for the self-renewal of CSCs (159, 160). PLGA NPs encapsulating the HPI-1 a specific inhibitor of Gli1 prevented growth and metastasis of hepatocellular carcinoma mice model. Moreover, HPl-1 delivery reduced the expression of CD133+ cells a type of CSCs in hepatocellular carcinoma (161). A combination of the NPs and gemcitabine reduced cellular growth in xenograft model of pancreatic cancer in a ligand dependent paracrine activation of Hh signaling pathway (162). GANT61 a specific Gli1 inhibitor when encapsulated in PLGA NPs prevented the translocation of Gli-1 to the nucleus and reduced the growth of CSCs (163). Although there has been slight progress towards the utilization of nano-carriers as a module to treat Hh mediated CRC, these observations are in favor that nanoformulations could be used as small molecules Hh inhibitors to cancer. It has come to light less lately that nanoformulations can be used as a carrier for the targeted delivery of the miRNAs. There are different types of nanoparticle based formulations that are being used for this purpose. Lipid nanoparticles, extracellular vesicles, minicells (genetically developed from bacteria), dendrimers, polyamidoamine (PAMAM), and inorganic materials such as the silica, gold, and silver nanoparticles have been extensively synthesized for delivering specific miRNAs to targeted tumors. Oshima et al. have developed an in-vivo delivery system to target liver and CRC. They specifically designed nano-scale coordination polymers for the effective delivery of oligometastatic miR-655-3p. Their findings revealed that co-delivery of miR-655-3p along with oxaliplatin reduced tumor growth (164). Yang et al. successfully formulated polyethyleneimine/hyalouronic acid mesoporous silica nanoparticle loaded with oxaliplatin and miR-204-5p. This nanoformulation enhanced the apoptosis and therapeutic efficacy in HT-29 cell lines (165). Altogether these findings suggest that nanoformulations are a suitable platform for the delivery of miRNAs and can increase the therapeutic efficacy in CRC (Table 2).


Table 2 | CRC inhibitors and nanoformulations.




Oral Nanotherapeutics

Nanotherapeutics is one of the promising strategies that offer dynamic surface functionalized modifications to improve targeted drug delivery and to limit the adverse effects. Nano-platform for drug designing offers potent routes to enhance drug profile. Nanotherapeutics are generally comprise of three core elements including nano-vehicle as carrier agent, target ligand and therapeutic drug molecule (Figures 3 and 4) (166). Different nanotherapeutics including lipid nanoparticles, organic and inorganic nanoparticles, polymeric nanoparticles, nanocrystals and plant derived nanomaterials have been used clinically including Taxel®, Lipo-Dox®, Abraxene®, Abraxene®, Marqib®, Onivyde® etc., and there is large number of nanotherapeutics in pre-clinical and clinical trials that can be fabricated to target Hh signaling cascade to reduce cancer cell proliferation (166, 167).




Figure 4 | Schematic illustration of nanotherapeutic components.



Oral chemotherapeutics are reported to have multiple limitations that demand novel alternative therapeutics for cancer treatment. Recently, the concept of oral nanotherapeutics paved the avenue in pharmaceutics towards more stable and high tumor targeted therapy with minimize adverse effects. A successful pre-clinical attempt has been performed by synthesizing redox nanoparticles (RNPs) for colon cancer treatment. This novel RNP contains nitroxide radicals for antioxidant activity and to scavenge ROS (reactive oxidative species) in cellular microenvironment. RNPs are specialized to accumulate in colonic mucosa and targeted cancer cells predominantly. These specialized oral-nanotherapeutics are also reported to limit cellular toxicity issues upon prolong exposure and is significant agent to inhibit tumor growth (Figure 5). It has been noticed that synergistic effect of RNP and conventional therapeutics can suppress adverse effects in gastro-intestinal tract and is an ideal candidate for future with significant potential in the existing pool for cancer treatment (168).




Figure 5 | Schematical representation the passage of oral nanotherapeutics to treat colon cancer.



Various attempts have been made for successful oral delivery of targeted nanotherapeutics to treat cancer including bowel inflammatory cancer and colon cancers. Engineered chitosan based amphiphilic muco-adhesive drug-delivery strategies have been examined in in-vivo therapeutic studies. In one of the recent studies, SN38 (7-ethyl-10-hydroxycamptothecin) nanoparticles and water insoluble curcumin are proved to be a significant candidate to limit carcinogenesis and shrink tumor diameter >4 mm. Thus, bio-adhesive chitosan based stable colloidal nanotherapeutics is a novel and reliable approach to improve the outcome of colon cancer treatment (169).

There are a number of inhibitors related to Hh signaling namely sonidegib, saridegib, itraconazole, BMS-833923, LEQ-506, Taladegib, Glasdegib, TAK-441, Vismodegib, and several others (Table 3). But a very limited data is available regarding the use of these inhibitors for CRC. In addition to this majority of work done so far is on Wnt/β-catenin and mutations in this pathway. Therefore a lot of potential works need to be done against the implementation of such inhibitors in the clinical trials (Table 3).


Table 3 | Representation Hh signaling inhibitor under clinical trials.






Future Perspective

The Hh pathway is activated during regeneration and tissue repair in adults. Compelling pieces of evidence have indicated that inhibition of Hh pathway can prevent tumor progression and increased apoptosis. However, the clinical outcomes of such inhibition are unsatisfactory. The tumor heterogeneity and complex signaling crosstalk are the two major stumbling blocks that challenge the specificity of a specific Hh inhibitor. A tumor cell can trigger multiple signaling pathways simultaneously that can hamper the anti-proliferative abilities of a single inhibitor. Therefore, an outlook for new inhibitors of Hh signaling pathway that can hamper the activity of interconnected pathways is necessary. miRNAs have been reported to regulate the expression of vital genes involved in the proliferation and spread of CRC. They have been extensively examined for their putative role as diagnosis and prognosis markers for stratification of risk groups. Exploring the interplay between miRNAs and Hh signaling can aid in the development of therapeutics for Hh mediated CRCs. In addition to this miRNAs can regulate the cancer stem cells proliferation and metastasis (170). Therefore, they can be utilized as a probe to investigate cancer stemness and drug resistance in CRC stem cells. miRNAs modulating the expression of the proliferative genes is a hallmark in CRCs. A suitable drug delivery system can transfer miRNA modulating moieties to the target cell can impede the proliferative capabilities. Development of such delivery system will revolutionize therapeutics. Considering such scenario, nanoformulations can be a suitable platform for the treatment of various malignancies including cancer. Nanoformulations are advantageous because of their specificity, low toxicity, limited side effects, and enhanced bioavailability of the cargo such as various natural compounds i.e., berberine, paclitaxel curcumin, and SMOs. Hh signaling can be targeted with nanoparticles, but there are several drawbacks affiliated. Drug resistance is the major hurdle with the devising of NPs for Hh signaling. The complex interaction of Hh pathway makes it difficult to be targeted with nanoformulations of SMO. It has been reported that SMO nanoparticles were unable to hamper tumor growth when Gli was activated via non-canonical Hh signaling. In addition to this the interaction of Hh signaling with other molecular cascades such as the Wnt and Notch also affect the targeting capacity of small molecular inhibitors of Hh signaling. The nanoformulations have to overcome cellular resistance which is an effective barrier for suitable nano-drug delivery which can be overcome by the combination of nanoformulations such as pegylated liposomes and formulations that prevent quick release of cargo (Chitosan). Compelling research has dictated the fact that only 0.7% of the total nanoformulation reaches the solid tumor (171). This can lead to the development of side toxicity which is a major concern for most of the nanoformulations. However, recent advances in nano-drug delivery have culminated the side toxicity by implementing the use of biphosphonates. In addition, combining NP formulation can modulate the tumor microenvironment to enhance the drug delivery. A combination of cycolopamine and paclitaxel nanoformulation designed to impede the Hh signaling disrupted the extracellular matrix of the tumor cells and increased drug profusion. In addition choice of nanoformulation, size of the NPs and their diffusion in the cell, cost of production, clinical translation, and cancer cell resistance are the limiting barriers that need to be addressed for designing specific Hh inhibitors. Overcoming these challenges can improve treatment methods for cancer patients. Altogether miRNAs and natural compounds mediated regulation of Hh signaling might help us devising new diagnostic/prognosis and therapeutics for CRC.
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Triple negative breast cancer (TNBC) has the worst overall survival among all breast cancer subtypes; 80% of TNBC harbors TP53 mutation. Gambogic acid (GA) is an herbal compound isolated from the dry brownish gamboge resin of Garcinia hanburyi. A new family of biodegradable polymer, the folate (FA)-conjugated arginine-based poly(ester urea urethane)s nanoparticles (FA-Arg-PEUU NP), was developed as nano-carrier for GA. Its anti-TNBC effects and the underlying mechanism of action were examined. The average diameters of FA-Arg-PEUU NP and GA-loaded FA-Arg-PEUU NP (NP-GA) in water are around 165 and 220nm, respectively. Rhodamine-tagged FA-Arg-PEUU NP shows that the conjugation of FA onto Arg-PEUU NPs facilitates the internalization of FA-Arg-PEUU-NP into TNBC. Compared to free-GA at the same GA concentrations, NP-GA exhibits higher cytotoxicity in both TP53-mutated and non-TP53 expressed TNBC cells by increasing intrinsic and extrinsic apoptosis. In HCC1806-bearing xenograft mouse model, the targeted delivery of GA by the FA-Arg-PEUU-NP nano-carriers to the tumor sites results in a more potent anti-TNBC effect and lower toxicity towards normal tissues and organs when compared to free GA. Furthermore, NP-GA also reduces the tumor-associated macrophage (TAM) M1/M2 ratio, suggesting that the use of Arg-based nanoparticles as carriers for GA not only makes the surface of the nanoparticles positively charged, but also confers on to the nanoparticles an ability to modulate TAM polarization. Our data clearly demonstrate that NP-GA exhibits potent anti-TNBC effects with reduced off-target toxicity, which represents novel alternative targeted therapeutics for TNBC treatment.
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Introduction

Triple negative breast cancer (TNBC) is negative for estrogen receptor, progesterone receptor, and human epidermal growth factor receptor, which accounts for 10-17% of all breast cancer cases (1). TNBC has a distinct metastatic pattern. It is a high-grade invasive ductal carcinoma (2) and often spreads to the brain and lungs (3). TNBC is characterized by its poor prognosis and aggressive biological behavior. In a cohort of 1601 women with breast cancer, women with TNBC had an increased likelihood of death (hazard ratio 3.2; 95% CI, 2.3-4.5; p<0.001) within 5 years of diagnosis compared with other breast cancer subtypes. Indeed, TNBC is associated with the worst breast cancer specific and overall survival rates (hazard ratio for BCSS 2.99, 95% CI 2.59-3.45, p<0.001; hazard ratio for OS 2.72, 95% CI 2.39-3.10; p< 0.0001) among all breast cancer subtypes (3, 4).

TNBC patients have limited therapeutics options because they do not benefit from traditional anti-hormonal or anti-HER2-based therapies. The treatment approaches to TNBC include surgery, radiation therapy, and chemotherapy. Several targeted therapies are still under clinical trials. For example, neoadjuvant chemotherapy is used for TNBC patients with locally advanced disease, and this approach shows a high disease-free survival rate in TNBC patients (5) with 20% of the patients presenting a pathologic complete response (pCR) after neoadjuvant chemotherapy (6). However, TNBC patients who do not achieve pCR are very likely to suffer from early recurrence and die from metastatic diseases. Immunotherapy for TNBC is still under clinical trials (2, 7).

The Cancer Genome Atlas (TCGA) project has characterized the molecular profile of TNBC, including the mutations of the gene TP53. Up to 80% of TNBC harbors TP53 mutation (8). Protein p53 is one of the proteins that respond to DNA damage. Wild-type p53 protein induces the expressions of BCL-2 proteins, such as BIM, PUMA, and NOXA, that mediate the p53-dependent apoptosis; p53 mutant, however, cannot induce apoptosis in response to DNA damage in TNBC. Nevertheless, clinical data suggest that TNBC is sensitive to DNA-damaging agents such as the platinum-based drugs in chemotherapy (9), indicating that the induction of p53-independent apoptosis in TNBC is a promising therapeutic approach.

Gambogic acid (GA) is a xanthone structure isolated from the dry, brownish gamboge resin of Garcinia hanburyi. GA is a potent apoptosis inducer, as revealed by its structure-activity relationship (10). Studies show that GA triggers DNA damage signaling in liver cancer and non-small cell lung cancer (11). It also triggers the intrinsic caspase-dependent signaling pathway in neuroblastoma cells (12). In non-TNBC breast cancer, GA induces apoptosis by increasing reactive oxygen species (13); it also increases the sensitivity of breast cancer to TRAIL (TNF-related apoptosis-inducing ligand)-induced apoptosis by promoting the crosstalk between extrinsic and intrinsic apoptotic signaling pathways (14). Recently, a study also showed that GA increases sensitivity to paclitaxel in drug−resistant TNBC via the sonic hedgehog signaling pathway (15). He et al. also shows that GA-loaded biodegradable amino acid-based pseudo-protein nanoparticles exhibitspotent anticancer effects over free GA in several in vitro models, such as cervical cancer cells (Hela) and colorectal cancer cells (HCT116) (16).

Since GA is a potent anti-cancer agent, a phase IIa clinical trial has been conducted to test the efficacy of GA in treating non-small cell lung cancer (NSCLC), stomach cancer, colon cancer, breast cancer (non-TNBC type), liver cancer, and kidney cancer. Among these, GA enhanced the partial response (PR) in NSCLC, colon cancer, and renal cell cancer patients; GA also has a favorable safety profile at a dosage of 45mg m-2 (17). A follow-up clinical trial in phase IIb investigated the therapeutic effects of GA in NSCLC, renal cell cancer, and colon cancer; a phase III trial also investigated the effects in NSCLC and renal cell cancer. However, both trials showed that GA did not have an apparent advantage over chemotherapy in treating these cancers (Study report 138997640-2008ZX09101024/01 by Zhangleilei Jiangsu Kanion Pharmaceutical Company and Zhaoyiwu Jiangsu Kanion Pharmaceutical Company). Besides, GA has poor water solubility (<1µg ml-1) and it has a rapid clearance in plasma, which hinders its clinical applications. Therefore, a strategy to enhance the therapeutic effect of GA is needed.

Amino acid-based poly(ester amide)s (AA-PEAs) and their distant relative, poly(ester urea urethane) (AA-PEUU), are two relatively new families of biodegradable and biologically active polymers which have wide applications in the biomedical field (18–28). AA-PEAs are synthesized from three building blocks (amino acids, diols, and diacids), and AA-PEUU are prepared from four building blocks: amino acid, diols, diisocyanacide, and glycerol monoallyl ether. Amino acids such as arginine, lysine, and phenylalanine have been used to prepare AA-PEAs and AA-PEUUs with specific bioactivity. A series of AA-PEAs and AA-PEUUs with different structures have been developed in recent years to meet specific needs, ranging from wound dressings for burn treatments, drug eluting stent coatings for drug eluting stents and sutures, tissue engineering scaffolds, synthetic vaccines, and as drug and gene delivery carriers (23–28).

In a previously published in vitro study, He et al. designed a linear and branched Arg-based poly(ester urea urethane)s (Arg-PEUUs), folate (FA)-conjugated Arg PEUUs (FA-Arg-PEUUs), to deliver GA to different cancer cells like HeLa, A549, and HCT116 (16). The branched FA-Arg-PEUU NP design could improve the GA loading content and FA concentration on the surface of the nanoparticle compared to the linear FA-Arg-PEUU NP. When compared with free GA, the GA carried by the branched FA-Arg-PEUU NP exhibits higher cytotoxicity and induces more apoptosis and mitochondrial membrane potential disruption in the folate receptor-expressed cervical cancer cells and colorectal cancer cells (16).

In this study, we aimed to investigate the anti-TNBC effects of GA with a targeted delivery system utilizing folate (FA)-conjugated branched Arg-based PEUU biomaterial nano-carrier. FA and folate receptor alpha (FRα) are critical in regulating cell growth, DNA biosynthesis, repair, and methylation (29). FRα is expressed in 86% of the TNBC patients (30), which serves as an ideal marker for targeted delivery. The efficacy of the GA-loaded FA-Arg-PEUU NPs in TNBC was systematically examined by both in vitro and in vivo studies, and the underlining mechanism of action was elucidated to explain its potent anti-TNBC effects and the reduced off-target toxicity in comparison to free GA.



Methods


Materials

L-Arginine hydrochloride was purchased from Chem-Impex INT’L INC, hexamethylene diisocyanate (HDI) from Millipore Corporation, poly(ethylene glycol) (PEG, MCO 3400) from Aldrich, HHS-Rhodamine from Thermo Scientific, and gambogic acid (GA) was from Broadpharm. The dialysis bag with a MWCO of 10kg/mol was purchased from SnakeSkin™. PEG3400-NH2 and Folate N-hydroxysuccinimidyl ester (FA-NHS) were synthesized and purified according to the published procedure (16).



Synthesis of Folate Modified Arg-PEUU (FA-Arg-PEUU)

To prepare branched arginine-based poly(ester urea urethane) (Arg-PEUU), pentathriol (0.0102g) and stannous 2-ethyl-hexanoate catalyst (9μL) were dissolved in the mixture of 20mL DMSO and 4mL DMF. The solution was stirred at 4°C and HDI was added. After reacting in a nitrogen atmosphere at 4°C for 30min, the prepolymer solution was moved to an oil bath at 45°C. Glycerol a-monoallyl ether (GAE, 0.02g) and Arg-4-Cl diester (1.27g) were dissolved in 10mL DMSO and added to the prepolymer solution under stirring for the polymerization reaction. After reacting for 8h, PEG3400-NH2 was added to cap the end of the PEUU chains and reacted for another 12h. The crude product of Arg-PEUU was obtained by precipitation in excess THF and dried under vacuum. The product was dissolved in DMSO and dialyzed in DI water for three days. The water was changed three times each day and the purified Arg-PEUU-PEG (6-Arg-4-PEUU-PEG) was collected by lyophilization (yield: 55%). Folate (FA) was tagged to the end of PEG to prepare the FA-Arg-PEUU. 6-Arg-4-PEUU-PEG (0.9g) was dissolved in 10mL DMSO and triethylamine (TEA, 12μL) was added to the solution. FA-NHS (0.145g) dissolved in 10mL DMSO was added to the 6-Arg-4-PEUU-PEG solution under stirring. After reacting in the dark at room temperature for 48h, the reaction solution was dialyzed in NaHCO3 (pH 8) twice and DI water for two days. The yellowish product of FA-Arg-PEUU was obtained by lyophilization.



Preparation of Rhodamine-Labelled FA-Arg-PEUU Nanoparticle

FA-Arg-PEUU (0.5g) was dissolved in 10mL DMSO and bubbled with nitrogen for 10min. Cystamine (0.03mg) was added to the solution and the mixture was stirred in an oil bath at 70°C under nitrogen atmosphere for 24h. Cystamine was conjugated to the side chain of the polymer via the thiolene reaction and FA-Arg-PEUU was modified with amine group. The reaction solution was dialyzed in DI water for two days and lyophilized. The product (0.2g) was dissolved in 5mL DMSO and NHS-Rhodamine (0.002g) was added under stirring. After reacting under dark conditions for 48h, the product was purified through dialysis. The rhodamine-tagged FA-Arg-PEUU was collected by lyophilization with a yield of 80%. The rhodamine-tagged Arg-PEUU was synthesized using the same method. To prepare the rhodamine-labelled FA-Arg-PEUU nanoparticle (NP), the rhodamine-tagged FA-Arg-PEUU (0.05g) was dissolved in 5mL DMSO and added into 20mL DI water dropwise under vigorous stirring. The mixture solution was stirred for 2h and then dialyzed in DI water for 24h. The rhodamine-tagged FA-Arg-PEUU NP was lyophilized and kept at 4°C.



Preparation of GA-Loaded FA-Arg-PEUU NP

The GA-loaded FA-Arg PEUU NP was prepared using a dialysis method. FA-Arg-PEUU was dissolved in DMSO with the concentration of 5mg/mL and GA was added into the FA-Arg-PEUU solution with a feeding ratio of 15% w/w. After stirring for 1h, the solution was transferred to a dialysis bag and dialyzed against DI water for 48h. The water was changed every 6h. The FA-Arg-PEUU nanoparticle (NP) suspension formed in the dialysis bag. The FA-Arg-PEUU NP was lyophilized and stored at 4°C. The GA-loaded Arg-PEUU NP was prepared in the same way. The size and surface potential of the GA-loaded FA-Arg PEUU NP was measured by using a Malvern Zetasizer Nano. The morphology of the nanoparticle was observed by Transition Electron Microscope (TEM, FEI T12 Spirit TEM STEM). The GA loading content (LC%) was measured by using a UV–Vis spectrophotometer (PerkinElmer Lambada 35, Madison). The GA-loaded nanoparticle (1mg) was suspended in 5mL ethanol and stirred at 45°C for 2h and GA was extracted into the solvent. The solution was filtered, and the ethanol was evaporated. The residue was dissolved in 1mL DMSO and GA content was determined by the absorption at 360nm. The LC was calculated through the following equation:

	



Cell Culture

Human triple negative breast cell lines HCC1806, HCC1143, and HCC1395 (ATCC) were maintained in RPMI-1640 medium and supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C incubator with 5% CO2 and 95% humidity.



In Vitro Uptake of FA-Arg-PEUU NP

Uptake of FA-Arg-PEUU NP and Arg-PEUU NP by HCC1806 cells was observed by a Zeiss 710 confocal microscope and measured by flow cytometry (BD FACSAria Fusion). HCC1806 cells (1.0×105/well) were incubated with rhodamine-tagged FA-Arg-PEUU NP or Arg-PEUU NP at a final concentration of 0.1mg/mL for 1h or 6h. The cells were washed with PBS and fixed with buffered formaldehyde (1.5mL, 4%, w/v) for 10 min; cell nuclei were stained with DAPI for 3 min. Cell images were taken by Zeiss 710 confocal microscope. In a flow cytometry study, cells were treated with the same protocol; the treatment period was 1h, 3h, or 14h. Fluorescence intensities of intracellular nanoparticles were analyzed by flow cytometer.



MTT Assay

HCC1806, HCC1143, and HCC1395 cells (5000 cells/well) were incubated with free-GA or GA-loaded FA-Arg-PEUU NP (NP-GA) for 3h at 37°C before MTT assay was performed. Signal was read by spectrometer at 574nm. IC50 values (the GA concentration for the apoptosis study) were calculated using Graph Pad.



Annexin V/PI Dye Staining

HCC1806, HCC1143, and HCC1395 (5×105 cells/well) were treated by free-GA or NP-GA with the dosages of GA fixed at IC50 values (30.27µm, 14.51µm, and 15.76µm for HCC1143, HCC1806, and HCC1395 cells, respectively). After 3h-treatment, apoptotic cells were assessed using Annexin V-FITC apoptosis detection kit (BD bioscience).



Western Blot Analysis

HCC1806, HCC1143, and HCC1395 (5×105 cells/well) was treated by free-GA or NP-GA for 3h. Whole cell lysates were obtained by suspending the cells in lysis buffer followed by centrifugation; tumors were dispersed in lysis buffer by sonication before centrifugation, and supernatants were collected. Total protein concentrations in these samples were measured by Pierce BCA protein Assay. Proteins were separated on 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. After blocking with 5% milk in TBST for 1h, the membrane was incubated with the respective primary antibody (cleaved caspase-3, -6, -7, -8, -12, and cleaved PARP) overnight at 4°C before incubating with the secondary antibody for 1h. Chemiluminescence signals were detected by enhancing ECL (Bio-Rad).



Mitochondrial Membrane Potential

HCC1143, HCC1806, and HCC1395 cells were treated by free GA or NP-GA at its IC50 for 3h (30.27µm for HCC1143; 14.51µm for HCC1806, 15.76µm for HCC1395). Cells cultured in media served as controls. Changes in mitochondrial membrane potential were measured by cationic lipophilic dye JC-10 (Abcam) and the data were presented as the ratio of green fluorescent signal (520nm) to red fluorescent signal (590nm).



HCC1806-Bearing Xenograft Mouse Model

All the animal studies obtained ethical approval from the Research Ethics Committee of the Hong Kong Baptist University. Female nude mice of 4-week old were obtained from The Chinese University of Hong Kong. Mice were kept in an animal room with 12h light/dark cycle and temperature control. Food and water were available ad libitum. HCC1806 (1×106 cells/100μL) were suspended in PBS and inoculated into the left armpit of the mice. Tumors were formed 1 week after inoculation.



Nanoparticle Carrier Tissue Distribution in HCC1806-Bearing Xenograft Mouse Model

Rhodamine-tagged Arg-PEUU NP or rhodamine-tagged FA-Arg-PEUU-NP at 72.7mg/kg was given to the TNBC-bearing xenograft mouse model by an intravenous route via the tail vein. Mice were killed at 30min, 1h, 2h, 4h, and 6h after injection. Tumors and major organs were collected. Images were acquired in IVIS Lumina XR imaging system with an exposure time of 1.5s (PerkinElmer).



Anti-Tumor Activity of Free-GA or NP-GA

Mice were randomly divided into groups when tumors were grown to 100mm3. Free-GA or NP-GA at a dosage of 4mg kg-1 or 8mg kg-1 were given to mice via intravenous injection every two days for 17 days. Control groups were given vehicle or non-GA-loaded FA-Arg-PEUU NP. Body weight and tumor size were monitored every day. Tumor size was calculated by the formula a2×b×0.4, where a is the smallest diameter and b is the diameter perpendicular to a.



Tissue and Organ Toxicity Analyzed by H&E Staining

After mice were sacrificed, tumors, hearts, lungs, livers, kidneys, and spleens were dissected and fixed in 10% neutral buffered paraformaldehyde at 4°C for 24h. Tissue sections were stained by hematoxylin and eosin (H&E). Image pictures were taken by microscope (NIKON Eclipse) and analyzed by a pathologist.



Immunohistochemistry

Paraffin sections of tumors were deparaffinized and rehydrated. Endogenous peroxidase was quenched by incubating with 3% H2O2 before blocking by serum. The sections were incubated with anti-cleaved caspase 3 or cleaved PARP at 4°C overnight before incubating with biotinylated secondary antibody for 30 min, peroxidase substrate for 10 min, and then being deionized in water for 5 min and counterstained with hematoxylin.



Tumor Associated Macrophage (TAM) Isolation

Mice were anesthetized by isoflurane. Tumors were dissected and kept in a serum-free medium. Liberase DL solution (Roche), Liberase TL solution (Roche), and DNase I were added to the samples, mixed, and incubated for 45 min at 37°C under continuous shaking. PBS was used to terminate the enzymatic digestion. Tumor cells were filtered using a 100μm cell strainer, centrifuged, and suspended in 1% w/v BSA containing PBS. TAM was isolated from tumors using Anti-F4/80 Microbeads Ultrapure Kit (Miltenyi Biotec). TAM was incubated with anti-CD80 or CD206 antibody for 30 min before analysis with flow cytometry (BD Calibur). FlowJo software was used to analyze the data.



Bio-Distribution of GA-Loaded FA-Arg-PEUU NP

Free-GA and NP-GA (4mg kg-1 or 8mg kg-1) were given to the TNBC-bearing xenograft mouse models by an intravenous route via the tail vein. Mice were killed 15min, 30min, 1h, 2h, and 4h after injection. Tumors, serum, and major organs were collected. Serum samples and homogenized tumors were extracted with 1mol/L HCl and ethyl acetate and reconstituted in mobile phase for LC/MS analysis which was performed by Agilent 6460 Triple-Quad Mass Spectrometer. Gradient chromatographic separation was performed on a Luna C18 column (Phenomenex) with a security C18 guard column (Phenomenex). Mobile phase was delivered at 1 ml/min; column temperature was maintained at 40°C.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (Version 5.00). The quantitative data were presented as mean ± standard error of mean (SEM).




Results


FA Conjugation Enhances the Internalization of Arg-PEUU NP Into TNBC Cells

FA-Arg-PEUU and GA-loaded FA-Arg-PEUU NP (NP-GA) were first prepared. The structure of the FA-Arg-PEUU is shown in Figure 1A. The branched polymer self-assembled into nanoparticles in aqueous solution. The average diameters of FA-Arg-PEUU NP and GA-loaded FA-Arg-PEUU NP (NP-GA) in water were around 165 and 220nm, respectively (Figure 1B). The surfaces of FA-Arg-PEUU NP and GA-loaded FA-Arg-PEUU NP were positively charged (25.3 and 26.8mV, respectively) due to the presence of the Arg component. The GA-loaded FA-Arg-PEUU NP had a spherical nano-micellar structure (Figure 1C). The GA loading content inside FA-Arg-PEUU NP was ~11%, which was 123.6µg GA per mg of FA-Arg-PEUU NP. In our previous in vitro release study (16), 40% GA was cumulatively released from the GA-loaded FA-Arg-PEUU NP at 18 hours, and 90% at 60 hours. We also examined the stability of the FA-Arg-PEUU NP. FA-Arg-PEUU-NP solution was stored at 4°C and the NP size was tested after 1 and 3 days. The Z-average diameter of the FA-Arg-PEUU NP was about 165 nm after 1 day and 156 nm after 3 days, indicating that the GA-loaded NP is relatively stable in aqueous solution.




Figure 1 | Uptake of the rhodamine-labelled FA-Arg-PEUU and Arg-PEUU nanoparticles by TNBC cells, and the tumor and major organs in the HCC1806-bearing xenograft mouse models. (A) The structure of branched FA-Arg-PEUU (6-Arg-4-PEUU), (B) size distribution of FA-Arg-PEUU NP and GA-loaded FA-Arg-PEUU NP (NP-GA), (C) transmission electron microscopy (TEM) image of NP-GA. (D) Confocal laser scanning microscopy images of HCC1806 cells after being incubated with rhodamine-labeled Arg-PEUU NP (Rh-NP) and FA-Arg-PEUU NP (Rh-FA-NP) for 1h and 6h. Red dots are rhodamine-labeled NPs. (E) The biodistribution and (F–J) fluorescent intensities of the rhodamine-tagged Arg-PEUU (Rh-NP) and rhodamine-labelled FA-Arg-PEUU nanoparticles (Rh-FA-NP) in the heart, liver, spleen, lung, kidney, and tumor of the HCC1806-bearing xenograft mouse model at the indicated time points after the injection of Rh-NP or Rh-FA-NP. The data are shown as the means ± SEM, n = 3 mice in each group, *p < 0.05, **p < 0.01.



Confocal imaging and flow cytometer techniques were used to examine whether the FA conjugation onto Arg-PEUU-NP enhances the internalization of the NPs into the TNBC cells (HCC1806) which express folate receptors (30). In rhodamine-labeled Arg-PEUU-NP (Rh-NP) and FA-Arg-PEUU-NP (Rh-FA-NP), the NPs are modified with rhodamine by a chemical bond in which rhodamine is a part of the polymer structure. Data show that both rhodamine-labeled Rh-NP and Rh-FA-NP could be taken up by HCC1806 cells as early as 1h (Figure 1D). More nanoparticles entered the cells as the incubation time increased from 1h to 6h. The much faster rate and higher level of endocytosis of the Rh-FA-NP compared to non-FA-tagged Rh-NP indicated the targeting effect of FA-modified nanoparticles toward HCC1806 cells.

The targeting effect of FA-tagged NP toward TNBC is further suggested by the subsequent in vivo tumor localization study with the HCC1806-bearing xenograft mouse model (Figures 1E–J). Thirty minutes after the injection, Rh-FA-NP started to accumulate at the tumor sites and its concentration kept increasing until 2h post-injection. In contrast, the non-FA tagged Rh-NP started to accumulate at tumor sites 1h post-injection. The non-FA tagged Rh-NP was totally cleared from the tumor site 4h after the injection, but it took 6h for the FA-tagged Rh-FA-NP to clear. Furthermore, the signals of Rh-FA-NP at tumor sites were significantly higher than Rh-NP in all the measurements (Figures 1F–J). Taken together, both the in vitro and in vivo data suggest that FA conjugation onto the Arg-PEUU NPs facilitates the internalization of FA-Arg-PEUU-NP into TNBC.



NP-GA Exhibits Higher Cytotoxic Effect Than Free GA in TNBC Cells

Three TNBC cell lines (HCC1143, HCC1806, and HCC1395) expressing folate receptors (30) were used for cell viability study. HCC1143 and HCC1395 harbor TP53 mutation, while HCC1806 has no p53 expression (31). It is worth noting that TP53 gene mutations are the dominant mutations in TNBC (32). Figure 2 showed that GA delivered by FA-Arg-PEUU-NP carriers (NP-GA) had significantly higher cytotoxicity in all three TNBC cell lines when compared to free GA (after 3h-incubation). The IC50 for the NP-GA was 30.27µm for HCC1143 cells, 14.51µm for HCC1806 cells, and 15.76µm for HCC1395 cells, while the IC50 for free GA was over 100µm in all these cell lines. The viability of HCC1143 cells was 90.94% after free GA treatment, and was 24.64% after the NP-GA treatment at the same GA dosage of 100µm (Figure 2A). Similar cell viability trends were observed in the two other cell lines: HCC1806 cells were 67.40% and 11.08% after free GA and NP-GA treatments at the GA dosage of 100µm, respectively (Figure 2B). HCC1395 cells were 61.50% and 23.18% after free GA and NP-GA treatments at the GA dosage of 100µm, respectively (Figure 2C). However, the cytotoxicity of the free GA and NP-GA in the HCC1806 and HCC1143 cells were not significantly different after 24-h treatment (Supplementary Figure S1), which may due to the GA levels in the free-GA-treated cells and NP-GA-treated cells becoming similar after a long incubation period of 24h.




Figure 2 | The in vitro cell viability of TNBC as a function of the GA drug and the NP carrier concentrations. (A) HCC1143, (B) HCC1806, and (C) HCC1395 after free-GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments for 3h at the indicated concentrations. X-axis on the left panel shows the concentrations of free-GA and NP-GA in µM; x-axis on the right panel shows the curves of the corresponding log concentration values of the free-GA and NP-GA. The data are shown as the means ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 compared to free GA.



Annexin V-FITC/PI staining was used to assess the percentage of the apoptotic cells after treatments. All three TNBC cell lines were treated with free GA or NP-GA for 3h and the dosages of GA were fixed at the IC50 values of NP-GA (30.27µm, 14.51µm, and 15.76µm for HCC1143, HCC1806, and HCC1395 cells, respectively). The NP-GA treatment significantly induced more apoptosis in these cell lines than the free GA treatment (Figures 3A–C and Supplementary Figure S2). The percentages of HCC1143 apoptotic cells were 7.04% and 10.90% after free GA and NP-GA treatments, respectively (Figure 3A). Similar apoptosis data were observed in the two other TNBC cell lines: the percentages of HCC1806 apoptotic cells were 7.48% and 11.44% after free GA and NP-GA treatments, respectively (Figure 3B). The percentage of HCC1395 apoptotic cells were 7.13% and 14.08% after free GA and NP-GA treatments, respectively (Figure 3C). However, NP-GA did not significantly affect the percentages of the necrotic cells in these cell lines (Figures 3A–C).




Figure 3 | The percentages of the viable, early apoptotic, late apoptotic, and necrotic TNBC cells after free-GA and NP-GA treatments for 3 hours. Apoptosis and necrosis in (A) HCC1143, (B) HCC1806, and (C) HCC1395 cells after free-GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatment for 3h. Cleaved caspase protein expressions in (D) HCC1143, (E) HCC1806, and (F) HCC1395 cells after free-GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatment for 3h. Left panel: Western blot showing the protein expressions of cleaved caspase-3, cleaved caspase-6, cleaved caspase-7, cleaved caspase-8, cleaved caspase-12, and cleaved PARP. Right panel: the quantitative analysis of the corresponding protein expressions. The data are shown as the means ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 compared to control group; a < 0.05, aa < 0.01 compared to free GA group. Changes in mitochondrial membrane potential (MMP) in (G) HCC1806, (H) HCC1143, and (I) HCC1395 cells after free-GA or GA-NP treatment for 3h. The y-axis is the ratio of green fluorescent signal (520nm) to red fluorescent signal (590nm). An increase in 520/590nm ratio indicates the collapse of MMP. The data are shown as the means ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 as indicated.



The in vitro apoptosis data in Figures 3A–C was further examined in terms of the apoptotic pathways. As shown in Figures 3D–F, NP-GA enhanced both intrinsic and extrinsic apoptotic pathways as indicated by the elevated levels of cleaved caspases 8 & 12, which led to the increased cleavage of caspases 3, 6, 7, and poly(ADP-ribose) polymerase (PARP). The data suggest that NP-GA exerts a higher apoptotic effect than free GA in TNBC cells regardless of the TP53 mutation status, which underlie the enhanced cytotoxicity of the NP-GA toward the TNBC cells.

Since collapse of mitochondrial membrane potential will initiate the apoptotic program, changes in the mitochondrial membrane potential (ΔΨm) of the TNBC cells were examined. ΔΨm was measured by cationic lipophilic dye JC-10 which forms reversible red-fluorescent aggregates in the mitochondria with a polarized mitochondrial membrane. When mitochondrial membrane potential collapses, the cells fail to retain JC-10 in the mitochondria and the dye returns to its monomeric green fluorescent form. Therefore, increase in the ratio of green fluorescent signal (520nm) to red fluorescent signal (590nm) indicates the collapse of mitochondrial membrane potential. Compared to control, both free-GA and NP-GA disrupted the mitochondrial membrane potential as indicated by the elevated 520/590nm ratio (Figures 3G–I). Free GA increased the 520/590nm ratio by 21.02%, 5.63%, and 9.55% in HCC1806, HCC1143, and HCC1395 cells, respectively. NP-GA increased the 520/590nm ratio by 36.94%, 7.55%, and 14.22% in HCC1806, HCC1143, and HCC1395 cells, respectively. A significant difference of the 520/590nm ratio between free GA and NP-GA treatments was observed in HCC1806 cells, in which NP-GA significantly increased the ratio by 15.92% (Figure 3G). However, there has no significant difference in HCC1143 and HCC1395 cells (Figures 3H, I).

Our data on apoptosis study suggest that NP-GA exerts a higher apoptotic effect than free GA in all three TNBC cell lines, which is not due to ΔΨm but instead to the caspase activation independent of the mitochondrial depolarization.



NP-GA Has a More Significant Anti-TNBC Effect Than Free GA in HCC1806-Bearing Xenograft Mouse Model

The anti-TNBC effects were also examined in HCC1806-bearing xenograft mouse model. Mice were treated with free GA or NP-GA at 4 or 8mg kg-1 GA equivalents by intravenous injection when the tumors were grown to 100mm3. Saline and blank FA-Arg-PEUU-NP (NP) were used as controls. NP alone did not significantly affect the tumor size and tumor weight when compared to the saline control group (Figures 4A–C), suggesting NP per se does not affect the growth of TNBC in these mice. However, NP-GA was more potent in reducing the tumor size and tumor weight when compared to free GA at the same GA dosage (Figures 4A–C). After 17 days of treatment, the average tumor weights for the NP-GA groups were statistically less than the free GA groups at both 4 and 8mg kg-1 GA dosages (Figure 4C). The average tumor weight was 825mg for the saline group, 843mg for the NP group, 710mg and 640mg for the 4mg-free-GA group and 4mg-NP-GA group, respectively, and 500mg and 338mg for the 8mg-free-GA group and 8mg-NP-GA group, respectively.




Figure 4 | The tumor size and tumor weight of the HCC1806-bearing xenograft mouse models after saline, FA-Arg-PEUU-NP (NP), free GA, or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. (A) Images, (B) volume, and (C) weight of the tumors dissected from the HCC1806-bearing xenograft mouse model after the saline, FA-Arg-PEUU-NP (NP), free GA, or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. Day 0 indicated the day on which the tumor cells were inoculated into the nude mice. The data are shown as the means ± SEM, n = 4-5 mice in each group. *p < 0.05 as indicated.



The study of apoptotic markers in the tumor tissues suggest that NP-GA at both GA dosages induces more apoptosis in the tumors when compared to free GA, as shown by the elevated expression levels of cleaved caspases 12, 8, 3, 6, 7, and PARP in the tumor tissues (Figures 5A, B). These in vivo data were in parallel with the in vitro data (Figures 3D–F), which further suggest NP-GA induces more intrinsic and extrinsic apoptosis than free GA in TNBC. Immunohistochemistry study also suggests that the expressions of cleaved caspase 3 and PARP in the tumor tissues are higher in the NP-GA group than the free GA group (Figure 5C). The enhanced apoptosis in the tumors may underlie the potent anti-TNBC effects of the NP-GA treatments.




Figure 5 | In vivo apoptotic protein expressions in the xenograft tissues of the HCC1806-bearing xenograft mouse models after saline, FA-Arg-PEUU-NP (NP), free GA, or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. (A) Western blot showing the protein expressions of cleaved caspase-3, cleaved caspase-6, cleaved caspase-7, cleaved caspase-8, cleaved caspase-12, and cleaved PARP in the xenograft tissues and (B) quantitative analysis of the corresponding protein expressions. The data are shown as the means ± SEM, n = 4-5 mice in each group. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline group; a < 0.05, aa < 0.01, aaa < 0.001 compared to NP group; b < 0.05 compared to 4mg-free-GA group; c < 0.05, cc < 0.01 compared to 8mg-free-GA group. (C) Representative pictures showing the immunohistochemistry (IHC) staining of the cleaved capase-3 and cleaved PARP in the xenograft tissues in these mice.





The FA-Arg-PEUU-NP Carriers Increase Delivery of GA to TNBC In Vivo

Figure 6 shows the LC-MS analysis of the GA levels in various organs and the tumors in the TNBC-bearing xenograft mouse models over a period of 4h after free GA or NP-GA treatments at the GA dosage of either 4 or 8mg kg-1. At the 8mg kg-1dosage, at 30 min post-administration, GA started to accumulate in the tumors of the free-GA and NP-GA groups (Figure 6B); the free GA group had 0.02µg mL-1 while the NP-GA group had 0.06µg mL-1 of GA in the tumors, i.e., 3 times more than the free GA group. A similar trend was also observed at 1h and 2h post-administration. At 1h post-administration, the free GA group had 0.06µg mL-1 while the NP-GA group had 0.20µg mL-1 of GA in the tumors (Figure 6C); at 2h post-administration, the free GA group had 0.07µg mL-1 while the NP-GA group has 0.23µg mL-1 in the tumors (Figure 6D). At the 4mg kg-1 dosage, the NP-GA treatment barely registered a GA level in the tumor. At 30-minute post-administration, no GA could be detected in the tumor from the free GA group. At 1h post-administration, the free GA group had 0.01µg mL-1 and NP-GA group had 0.06µg mL-1 of GA in the tumors (Figure 6C); at 2h post-administration, the free GA group had 0.02µg mL-1 and NP-GA group had 0.13µg mL-1 of GA in the tumors (Figure 6D).




Figure 6 | Biodistribution of GA as a function of time in a variety of tissues in the HCC1806-bearing xenograft mouse models after free GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. (A) 15 min, (B) 30 min, (C) 1h, (D) 2h, and (E) 4h after intravenous injection of free GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) at the indicated dosage. The data are shown as the means ± SEM, n = 3 mice in each group. *p < 0.05, **p < 0.01 compared to 4mg-free-GA group; a < 0.05, aa < 0.01 compared to 8mg-free-GA group.



Since NP-GA was administrated by an intravenous route via the tail vein, the NP-GA was detected in the blood circulation 15 minutes post-administration (Figure 6A). Interestingly, our data showed that at 2h post-injection (Figure 6D), the concentration of GA in the plasma was higher in the NP-GA groups than that in the free-GA groups, which were 0.03µg mL-1 GA in the free-GA group and 0.07µg mL-1 in the NP-GA group at 4mg kg-1 dosage. At the 8mg kg-1 dosage, it was 0.06µg mL-1 GA in the free-GA group and 0.16µg mL-1 in the NP-GA group. These data imply that GA carried by the NP carriers may have an increased circulating half-life.

GA was also detected in the liver because the liver functions to filter the blood. The concentrations of GA in the liver are lower in the NP-GA group when compared to free GA at all the time points. At 1h post-administration, at the 4mg kg-1 dosage, mice treated by free GA had 0.45µg mL-1 of GA in their livers, and those treated by NP-GA had only 0.25µg mL-1 of GA in their livers. At the 8mg kg-1 dosage, the free GA group had 0.63µg mL-1 and NP-GA group had 0.33µg mL-1 in their livers (Figure 6C). A similar trend was also observed at both 2h and 4h post-administration (Figures 6D, E).

NP-GA treatment also resulted in a lower GA concentration in the kidneys when compared to free GA at 30 minutes post-administration. At the 4mg kg-1 dosage, the free GA group had 0.12µg mL-1 and NP-GA group had only 0.07µg mL-1 of GA in the kidneys; at the 8mg kg-1 dosage, the free GA group had 0.22µg mL-1 and NP-GA group had only 0.10µg mL-1 in the kidneys (Figure 6B). At 1h post-administration, at 4 mg kg-1 dosage, the free GA group had 0.21µg mL-1 and NP-GA group had only 0.11µg mL-1 of GA in the kidneys; at 8 mg kg-1 dosage, the free GA group had 0.32µg mL-1 and NP-GA group had only 0.19µg mL-1 in the kidneys (Figure 6C). A similar trend was also observed at 2h post-administration (Figure 6D).

These results clearly demonstrated that mice treated by NP-GA had significantly higher GA levels in the tumors than those that received free-GA treatments, whereas the GA concentrations in the major organs were reduced, suggesting that NP-GA has fewer off-target side effects.



NP-GA Has Lower Off-Target Side Effect Compared to Free GA

H&E staining of the major organs was done to further suggest NP-GA does less damage to the off-target major organs in mice when compared to free GA. Figures 7A, B showed that NP-GA had less damage to the heart, liver, and lung than the free GA. These off-target H&E image data, (Figure 7A) along with their quantified scores (Figure 7B), are consistent with the lower levels of GA in these organs after NP-GA treatments (Figure 6). Neither NP-GA nor free GA caused significant damage to kidney and spleen (Figures 7A, B), although GA was detected in these organs (Figures 6B–D). Both the qualitative H&E stained image data and their quantified scores clearly illustrate the benefits of treating TNBC with NP-GA, that is, achieving higher anti-TNBC effects but with fewer off-target side effects to the major organs, particularly at the 8mg kg-1 GA dosage. Body weight variation is one of the parameters in toxicity testing.34 Supplementary Figure S3A showed the body weight of the mice in different groups during the course of the treatments, which had no apparent difference between groups. Percentages of the changes in body weight were also calculated, that is the % difference of the body weight of each mouse between day 6 and day 17. The results showed that NP-GA at both dosages did not create significant differences in the % changes in body weight when compared with saline and NP-alone groups; however, the 8mg-Free-GA group had body weight reduced and the % changes in body weight was significantly different from those in the saline and NP-alone groups (Supplementary Figure S3B). These data suggest that free GA treatment at a high concentration has toxicity to the mice, whereas the toxicity is not observed in the NP-GA treatment group.




Figure 7 | In vivo tissues and organ toxicity after free GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. (A) H&E staining images and (B) quantification analysis of the heart, liver, spleen, lung, and kidney of the HCC1806-bearing xenograft mouse models after saline, FA-Arg-PEUU-NP (NP), free GA, or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. The data are shown as the means ± SEM, n = 3 mice in each group. **p < 0.01, ***p < 0.001 compared to saline group; aa < 0.01, aaa < 0.01 compared to NP group; b < 0.05, bb < 0.01 compared to 8mg-NP-GA group.





The FA-Arg-PEUU-NP Carriers Affect the Polarization of Tumor-Associated Macrophages (TAM)

Since Arg is present in the FA-Arg-PEUU NP carriers, it is interesting to examine whether the carrier per se or the GA-loaded NP will affect the polarization of TAM. Macrophages uptake Arg and process it via 2 different pathways: iNOS and arginase. The iNOS pathway produces M1 macrophage phenotype, while the arginase route produces M2 macrophage phenotype (33).

Figures 8A–C showed that the FA-Arg-PEUU-NP per se neither affected M1 nor M2 population. The percentage of M1 after FA-Arg-PEUU-NP treatment was 15.61%, and was 15.10% in the saline group (Figure 8B), and the percentage of M2 after FA-Arg-PEUU-NP treatment was 9.95%, and was 8.45% in the saline group (Figure 8C).




Figure 8 | Polarization of tumor-associated macrophage (TAM) of the HCC1806-bearing xenograft mouse models after saline, FA-Arg-PEUU-NP (NP), free GA, or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. (A) The polarization of the tumor-associated macrophages (TAM) of the HCC1806-bearing xenograft mouse models after the saline, FA-Arg-PEUU-NP (NP), free GA, or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments. The percentages of the (B) M1 phenotype, (C) M2 phenotype, and (D) M1/M2 ratio of the TAM. The data are shown as the means ± SEM, n = 5 mice in each group. *p < 0.05 as indicated.



When comparing between the NP-GA and saline, the NP-GA at both dosages had significantly higher M2 populations than the saline control (Figure 8C). The percentage of M2 in the saline group was 8.45% while it was 9.94% in the 4mg-NP-GA group and 10.17% in the 8mg-NP-GA group. When comparing between the NP-GA and free GA, NP-GA treatment resulted in a slightly higher average M2 population than free GA at the 4 mg kg-1 GA dosage level (Figure 8C). The M2 population of the free GA group was 8.89% and was 9.94% in the NP-GA group; the difference was statistically significance at p<0.05. However, NP-GA did not significantly affect the M2 population at the 8mg kg-1GA dosage level or the M1 population at both dosage levels (Figures 8A–C).

Although there was no statistical difference of TAM M1/M2 ratios in all treatments, it appears that the average TAM M1/M2 values of the NP-GA treatment at both GA dosage levels were lower than the corresponding free GA treatment (Figure 8D). Similarly, the blank FA-Arg-PEUU NP treatment also showed a lower average M1/M2 ratio than the saline control (Figure 8D).




Discussion

Both in vitro and in vivo data in this study clearly show that the newly designed FA-Arg-PEUU-NP nano-carriers significantly increase the uptake of GA into TNBC, induce more apoptosis by activating both intrinsic and extrinsic apoptotic pathways, and exhibit more potent anti-TNBC effects with reduced off-target side effects. Our data strongly suggest that this new family of drug-loaded FA-Arg-PEUU-NP strategy can provide enhanced anti-TNBC effects regardless of the TP53 gene mutation status of the cancer. More importantly, the targeted delivery of GA to TNBC also significantly reduces off-target damage to the major organs, including the heart, liver, and lung, as demonstrated in the xenograft mouse models.

The efficacy and safety of GA for cancer treatment have been tested in clinical trials in China. In 2013, a phase IIa clinical study was conducted in China, which aimed to evaluate the safety and efficacy of GA treatment in patients with lung, gastrointestinal, breast, and liver cancer. Twenty-one patients received 45mg m-2 GA intravenously from days 1 to 5 for a 2-week cycle. The clinical outcomes showed that the objective response rate which indicates the proportion of patients with reduction in tumor burden was 14.3%, and disease control rate, which is a composite of overall response rate and stable disease, was 76.2%. The observed toxicity was mostly mild or moderate adverse events (AE) (Grades I and II), but not severe or life-threatening AE (Grade III and IV) based on a standard criterion (NCI-CTCAE 3.0) of anticancer drug toxicity evaluation. The symptoms of the AE were abdominal pain, injection site reactions, phlebitis, and nausea. The phase IIa clinical trial suggests that GA has a favorable safety profile and is effective in treating malignant cancers (17). However, a phase IIb clinical trial with 210 cases of non-small cell lung cancer (NSCLC), renal cell cancer, and colon cancer, and phase III clinical trial with 600 cases of advanced renal cell cancer and 300 cases of NSCLC documented that GA did not have an apparent advantage over chemotherapy, although no Grade III and IV adverse events were reported (Study report 138997640-2008ZX09101024/01 by Zhangleilei Jiangsu Kanion Pharmaceutical Company and Zhaoyiwu Jiangsu Kanion Pharmaceutical Company). The unsatisfactory clinical outcome of the free GA treatments in the malignant cancers led us to design FA-Arg-PEUU NP as a target nano-carrier for GA for the TNBC treatment, which can enhance therapeutic efficacy and also reduce off-target side effects as the data from this study showed. In the above clinical studies, the dosage of GA is at 45mg/m2, which corresponds to 1.215mg kg-1 assuming the reference body weight is 60kg and body surface area is 1.62m2. The equivalent mouse dose to that clinical GA dosage is 14.985mg kg-1, which is much higher than the dosages 4 or 8mg kg-1 of GA or GA-loaded FA-Arg-PEUU NP used in our current animal study. As shown in Figure 4, NP-GA and free GA treatments at these low GA dosage levels show significantly reduced tumor growth when compared to saline control, suggesting a dosage lower than the reported clinical trial dosage can be used to treat TNBC. Furthermore, at this low GA dosage, the treatment with the NP-GA strategy shows an even more significant reduction in tumor growth than the free GA treatment.

The targeted delivery of GA to TNBC is far less studied. The reported studies mainly use NP carriers to deliver GA to non-TNBC breast cancer (34–36). For example, a study used MDA-MB-231 cells, MCF-7 breast cancer cell lines, and 4T1 cell-bearing mice as models to study the anti-cancer effect of the co-delivery of GA and TNF-related apoptosis-inducing ligand (TRAIL) plasmid by hyaluronic acid grafted PEI-PLGA nanoparticles (GA/pTRAIL-HA/PPNPs) (37). It is known that TRAIL per se induces apoptosis by binding to the TRAIL death receptors, which leads to the recruitment of Fas-associated death receptor and triggers the consequent apoptotic signaling cascade. The combined delivery of GA/pTRAIL-HA/PPNPs shows an enhanced anti-cancer effect over GA-HA/PPNPS and pTRIAL-NA/PPNPs as demonstrated in 4T1 cell-bearing mice. The tumor suppression rate of GA-HA/PPNPs, TRAIL-HA/PPNPs, and GA/pTRAIL-HA/PPNPs are 46.4%, 62.0%, and 84.1%, respectively. The enhanced anti-cancer effect of GA/pTRAIL-HA/PPNPs is due to the increased apoptosis level in the breast cancer cells. Co-delivery of TRAIL with GA demonstrates a pragmatic strategy which may be beneficial to modify our current FA-targeted Arg-PEUU-NP delivery system to further enhance the apoptosis level in the tumor sites. However, this study did not use free GA as reference group and hence the anti-cancer effects between free GA and GA/pTRAIL-HA/PPNPs cannot be assessed. However, our current study design permits such an assessment to determine whether GA delivered by the FA-Arg-PEUU-NP treatment would be better than free GA treatment.

The current data also show that NP-GA does significantly less damage to the heart, lung, and liver in the TNBC-bearing mouse model when compared to free GA (Figure 7). Therefore, the data in this study provide strong evidence to suggest a relatively low dosage of NP-GA can be used to treat TNBC with fewer off-target side effects. The reason behind this observed lower off-target side effect in the NP-GA treatment is attributed to the targeted delivery of GA to TNBC that highly expresses folate receptors (FRα) (30). FRα have a highly restricted expression in the luminal membrane of secretory ductal cells in normal breast [40]. FRα are also not expressed or have little expressions in the peritoneum, colon, small intestine, kidney, and ovary (38, 39). The specific expression of FRα in tumor has led to the development of FRα-targeted therapies which are in clinical trials for the treatment of TNBC. A multi-epitope FRα peptide vaccine is undergoing a randomized phase II trial studies with TNBC patients in the Academic and Community Cancer Research United in the US (ClinicalTrials.gov Identifier: NCT03012100).

The current target therapies for TNBC, such as epidermal growth factor receptor-targeted approach with cetuximab, only demonstrates a modest anti-cancer activity in the metastatic TNBC (40); bevacizumab, which targets vascular endothelial growth factor, does not show a pronounced benefit of overall survival (41). Concerning these unsatisfactory therapeutic outcomes, our proposed FRα-targeted NP-GA therapeutic strategy appears to be a better alternative to the TNBC treatment.

In this study, our data also show interesting and useful information about TNBC that harbor TP53 mutations. The NP-GA treatments induce apoptosis in TNBC in a p53-independenet manner. The TP53 gene is mutated in approximately 80% of TNBC cases (42, 43). Mutations in TP53 in TNBC are predominantly missense mutations, producing mutant p53 proteins that promote tumorigenesis (42). Our data demonstrate that NP-GA exerts a potent therapeutic effect in TNBC which either harbor TP53 mutations or has no TP53 expression. The enhanced apoptosis level after NP-GA treatment is, at least in part, due to the enhanced intrinsic and extrinsic apoptosis via the activation of caspases, but not the collapse of mitochondrial membrane potential. In general, the caspase activation is preceded by opening of the mitochondrial permeability transition pore (MPT), followed by dissipation of Δψm and release of cytochrome c. A possible explanation of our results is that mitochondria can also transiently maintain a membrane potential after the release of the apoptosis-inducing factors (44). Alternatively, NP-GA may induce a different regulation on the apoptotic machinery in TNBC, in which MPT may not be required for mitochondrial outer membrane permeabilization or cytochrome c release, and MPT may not participate in the apoptosis (45). Indeed, induction of caspase-3 activity and apoptosis in human blood granulocytes occurs without prior mitochondrial changes, such as the loss of mitochondrial membrane potential and release of cytochrome c (46). Further study is needed to examine the role of Δψm in GA-induced apoptosis in TNBC.

In addition to a conventional mechanistic study to reveal the mechanism of action underlying the enhanced therapeutic effects of NP-GA, TAM level was also assessed to determine whether the newly designed FA-Arg-PEUU-NP drug nano-carrier would have any effect on TAM. In the tumors of the TNBC patients, TAM has the highest abundance and accounts for 25% of the total cell population (47). The increased recruitment of TAM to TNBC may be due to the reduced expression of Raf kinase inhibitory protein and reduced secretion of chemokines CCL5 in TNBC (48). The large infiltrate of TAM is associated with a high risk of distant metastasis, low disease-free survival, and low overall survival in the TNBC patient (49).

In this study, only a pure Arg was used as the amino acid building block in the FA-tagged Arg-PEUU-NP for the delivery of GA for TNBC treatment. Our in vivo TAM data show that the blank FA-Arg-PEUU-NP and the GA-loaded FA-Arg-PEUU-NP do not affect the M1 population (Figure 8B), but slightly increase (statistically significant at p<0.05) the M2 population in the TNBC tumors (Figure 8C), and hence cause a decrease in the M1/M2 ratio (Figure 8D). The incorporation of GA in the FA-Arg-PEUU-NP neither changes the M2 population nor the M1/M2 ratio against the blank FA-Arg-PEUU-NP, suggesting GA per se does not affect the polarization of the macrophages. Although M2 macrophages are known to promote cancer progression, the TNBC tumor size and tumor weight data (Figure 4) show that blank FA-Arg-PEUU-NP per se does not affect tumor growth in vivo when compared to the saline control, suggesting that the slight increase in the M2-polarized macrophage population in the tumor induced by the Arg-based nanoparticle carrier (Arg-PEUU-NP) does not promote the TNBC tumor growth. Our data suggest the extreme complexity of the role of TAM, and the role of Arg in TAM polarization and its effect on tumor growth. Therefore, additional in-depth study of the role of TAM under our GA-loaded FA-Arg-PEUU-NP strategy is needed to clarify the impact of the Arg-based NP delivery vehicle on TAM polarization. It is important to consider all the factors involved in assessing the collective effect of a new strategy on cancer therapy.

Since TAM changes the tumor microenvironment that promotes cancer development and progression, targeting TAM may be a potential therapeutic strategy to treat cancers. For example, the mannose receptors that are overexpressed in TAM can be used as a target for the design of nanoparticles for drug delivery. Previously, poly(lactic-co-glycolic)acid (PLGA) nanoparticles that are PEGylated with acid sensitive sheddable polyethylene glycol (PEG) and surface-modified with mannose (i.e. AS-M-PLGA-NPs) have been designed to actively target the nanoparticles to TAMs via mannose-mannose receptor recognition after acid-sensitive “shedding” of the PEG in the relatively low pH tumor microenvironment (50). The use of these nanoparticles to carry doxorubicin, i.e., TAM-targeting DOX-AS-M-PLGA-NPs, demonstrates a more potent effect than DOX alone or DOX-AS-PLGA-NPs in controlling the tumor growth of the orthotopic MMTV-M-Wnt-1 mammary tumor-bearing mouse model (50). A similar design can be incorporated into our GA-loaded FA-Arg-PEUU-NP to further enhance its therapeutic effects in TNBC treatment.

Another possible strategy to treat TNBC is to modulate the macrophage polarization. Arg is a common substrate for nitric oxide synthase and arginase pathways after macrophage uptake Arg. Depending on the type of Arg metabolic pathway, very different macrophage phenotypes can be produced. The M1 macrophage will convert Arg to citrulline and nitric oxide (NO), which is inflammatory and cytotoxic; the M2 macrophages hydrolyzes Arg to urea and ornithine, which is important for cellular proliferation and tissue repair (51, 52). Previously, the Chu lab has shown that the amino acid-based poly(ester amide) or poly(ester urea urethane) biomaterials synthesized from Arg have a tunable immune-modulating property (16, 24, 27, 28). For example, He et al. recently demonstrated that by incorporating an Arg derivative (L-nitroarginine, NOArg) into a pure Arg as the amino acid building block, a new family of NOArg-Arg PEA copolymers is synthesized that possesses the ability to polarize M1 to M2 and exhibits a wound healing property, as demonstrated in a diabetic 3rd degree burn wound mouse model (28). The significantly faster and better wound healing quality in the burn wound diabetic model is achieved with an optimal balance of M1/M2 mixture population more toward M2. Such a preferred M1 to M2 mixture population can only be achieved with a proper NOArg to pure Arg ratio in the NOArg-Arg PEA copolymers. More importantly, neither a pure NOArg nor pure Arg-based PEA can achieve such a preferred M1 to M2 mixture population for the desirable and more efficient wound healing quality. For the treatment of TNBC, a combination of NP-GA and Th1 cytokine interferon-γ (IFN-γ) can be administrated to enhance M1 polarization in the TNBC in our future study. IFN-γ is a useful adjuvant immunotherapy for many cancers (53). It also inhibits angiogenesis in the tumor (53).

In addition, the use of Arg-based nanoparticles as the carriers for anticancer drugs like GA for TNBC treatment may have the advantage of making the surface of the nanoparticles positively charged. It is reported that the dominant mechanism for the uptake of nanoparticles is an active process instead of a passive diffusion (54). Such an active uptake of cationic NPs like Arg-PEUU-NP (+10mV charge) (16) by cancer cells is further enhanced by the general anionic surface membrane of cells, particularly cancer cells, that express excessive anionic-charged sialic acid (55–60). Holmberg et al. (55) and Gakhar et al. (61) reported that the growth of tumor cells, including PC3 prostate cancer cells, is inhibited by the cationic polymers, such as dextran derivatives and vinyl-based Poly(AETA) synthesized from the [2-(acryloxy)ethyl]trimethylammonium chloride] monomer (AETA). Their data suggest that certain cationic polymers may represent an alternative strategy to target and inhibit the growth of malignant cancers.

Therefore, as shown in our current TNBC study, the design of cationic folate-targeted Arg-based pseudo-protein nanoparticles as anticancer herbal compound carriers offer many beneficial effects like overcoming the anionic cell membrane barrier, promoting internalization, and facilitating tumor-targeting for a more efficient delivery of the drug. Therefore, the design achieves better therapeutic efficacy with reduced off-target side effects when compared to free drug delivery.



Conclusion

In this study, a new targeted therapy for TNBC with a Chinese medicinal compound gambogic acid (GA) delivered by a newly designed folate (FA)-tagged biodegradable amino acid-based poly(ester urea urethane) nanoparticles, the GA-loaded FA-Arg-PEUUs (NP-GA), is reported. The conjugation of FA in the Arg-PEUU nano-carriers increases the cellular uptake of the nano-carriers into the TNBC both in vitro and in vivo. Compared to free GA, the NP-GA treatments exert higher cytotoxicity with increased intrinsic and extrinsic apoptosis in TNBC cells that either harbor TP53 mutations or without p53 protein expression. In the TNBC-bearing xenograft mouse model, the NP-GA treatments also demonstrate better therapeutic efficacy with increased apoptosis in the tumors and reduced off-target damages, as there is more efficient targeted delivery of GA to the tumor sites instead of non-discriminated delivery to other organs. Further investigations may develop this NP-GA system as alternative therapeutics for TNBC treatment.
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Supplementary Figure 1 | The viability of (A) HCC1143 and (B) HCC1806 cells after free GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments for 24 hours at the indicated concentrations. The data are shown as the means ± SEM, n = 3.

Supplementary Figure 2 | The apoptotic TNBC cell distribution after free-GA or GA-loaded FA-Arg-PEUU-NP (NP-GA) treatments for 3 hours.

Supplementary Figure 3 | (A) Body weight and (B) percentage changes in body weight of the HCC1806-bearing xenograft mouse models during the treatment period. The data are shown as the means ± SEM, n = 4-5 mice in each group. *p<0.05 compared to saline group; a<0.05 compared to NP group.
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Extracellular vesicles (EVs) are cell-derived membrane particles that represent an endogenous mechanism for cell-to-cell communication. Since discovering that EVs have multiple advantages over currently available delivery platforms, such as their ability to overcome natural barriers, intrinsic cell targeting properties, and circulation stability, the potential use of EVs as therapeutic nanoplatforms for cancer studies has attracted considerable interest. To fully elucidate EVs’ therapeutic function for treating cancer, all current knowledge about cellular uptake and trafficking of EVs will be initially reviewed. In order to further improve EVs as anticancer therapeutics, engineering strategies for cancer therapy have been widely explored in the last decade, along with other cancer therapies. However, therapeutic applications of EVs as drug delivery systems have been limited because of immunological concerns, lack of methods to scale EV production, and efficient drug loading. We will review and discuss recent progress and remaining challenges in developing EVs as a delivery nanoplatform for cancer therapy.
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Introduction

Cell-secreted extracellular vesicles (EVs) have attracted considerable attention over the last decades. These micro- or nano-sized membrane vesicles derived from various cell types are enriched in biological fluids, such as blood plasma, serum, saliva, and urine (1–4). According to disparate biogenesis, EVs can be primarily characterized into three groups: microvesicles (MVs), exosomes, and apoptotic bodies (5). MVs, with a diameter of 100–1,000 nm, are released by outward budding and fission of the plasma membrane. Growing evidence has shown that MVs can package bioactive molecules, nucleic acids (microRNAs (miRNAs) or mRNAs), and proteins that are reflective of the original cell type (6, 7). Similarly, exosomes also contain massive and complex cargos of contents derived from parent cells. Compared with MVs, exosomes are in nanoscale sizes ranging from 30 to 150 nm and mainly originate from intracellular multivesicular bodies; then they are released into the extracellular environment by fusing multivesicular bodies with the cell membrane (8–10). Such distinction suggests that exosomes are more tightly associated with neighbor cell-to-cell communication, whereas MVs may cover distant transportation, thus enabling packaged bioactive effectors to distal sites. Other than MVs and exosomes, apoptotic bodies, with larger diameters of 500 nm to 5 μm, are shed by cells throughout the execution phase of the apoptotic process; their function and related mechanisms are not clearly understood (11). Altogether, EVs that contain diverse cargos (proteins, RNA, DNA, and lipids) trafficked from host cells can be applied not only as mere probes for mechanistic physiology research but also as therapeutic and diagnostic agents for many diseases (12).

EVs have been identified as critical mediators of intercellular communication in both normal and pathological physiological processes, such as cell maintenance and differentiation, tissue regeneration, immune modulation, and tumor development (13–16). EVs are known to be involved in a wide range of processes that underlie tumor development, including tumor microenvironment modulation, angiogenesis, lymphogenesis and tumor invasion, progression, and metastasis (17). EVs that originated from tumor cells have been acknowledged to play a crucial role in driving tumor microenvironment cells toward exacerbating tumor development. These EVs also include specific tumor antigens that can activate a series of immunogenic responses for cancer immunotherapy. Moreover, EVs released from immune cells are known to carry specific proteins and endosome-associated peptides and can induce antigen-specific immune responses for tumor suppression, while EVs derived from mesenchymal stem cells (MSCs) are believed to be paracrine mediators for regulating immune-modulating capacity and tend to accumulate at the tumor site (18, 19). Because of their endogenous functionalities, EVs have been implicated in many aspects of cancer development and, thus, are promising biomarkers and therapeutic candidates for cancer treatment (16, 20–24). Despite multiple advantages, the application of EVs has been limited because of insufficient production and relatively low loading of the desired bioagents. Based on these inadequacies, many approaches have been explored to boost yield and incorporate biomolecules and nucleic acids into EVs for cancer therapy (25–28). Among them, physicochemical technologies, including electroporation, sonication, extrusion, freeze-thaw cycles, membrane permeabilization, and surface functionalization, have been developed to stimulate cells to secrete sufficient amount of EVs, and extracellularly or intracellularly load cargos. Another example of a technology is modification for generating engineered EVs. Besides these exogenous approaches, endogenous methods that highly rely on biological approaches at the cellular level are also known to lead to mass production of EVs and effectively enable bioagent packaging. All these methods make EVs as more attractive delivery vehicles in cancer therapy. When combined with conventional cancer therapy such as chemotherapy and immunotherapy, EVs-based antitumor treatment can be a promising candidate for future clinical application.



Extracellular Vesicles’ Role in Cancer Development and Its Therapeutic Implications

Readily found in different body fluids, the number of circulating EVs is significantly higher in cancer patients, as reported in previous studies (7, 29, 30). Because of its transmission capacity in the tumor microenvironment or specific distant sites, these EVs have increasingly become recognized as key players in the cellular processes related to cancer pathogenesis, including tumorigenesis, angiogenesis, tumor invasion, progression, and metastasis (Figure 1). When it comes to the source of circulating EVs, tumor cells are the first to dominate cancer development and affect other cells for tumor progression. As the initial step in cancer development, tumor formation involves the accumulation of genetic alterations. Tumor-derived EVs (TEVs) have been shown to directly contribute to the spread of phenotypic transformation by transferring their oncogenic traits, and therefore enroll normal cells into the tumorigenic process, enhancing tumorigenesis (32). As a major component of the tumor stroma, fibroblasts can be activated to a cancer-associated phenotype (cancer-associated fibroblasts (CAFs)) in the tumor microenvironment (33). With an abundance of TEVs and increased TGF-β, fibroblasts were shown to undergo transformation from a normal to a CAF-like phenotype when prostate cancer developed; therefore, TEVs appear to facilitate tumorigenesis (34). Another study suggested that apoptotic bodies derived from cancer cells can transfer tumor DNA from H-RasV12-and human c-myc-transfected rat embryonic fibroblasts (REF) to wild-type mouse embryonic fibroblasts (MEF), activating normal fibroblasts and developing the tumorigenic potential of other wild-type cells (35). Additionally, TEVs can support cancer cells to evade apoptosis and promote malignancy in recipient tumor cells. Activating PI3K/AKT and MAP/ERK pathways mediated by TEVs is a common route and has been verified in multiple cancers (36–38). Besides, a protein known as chloride intracellular channel-1 (CLIC1), found to be enriched in some TEVs, can be transferred via EVs into other recipient tumor cells and, thus, enhance tumor growth (39).




Figure 1 | A schematic of EV’s role in cancer development and progression (31) (with reproduction permission).



Tumor growth beyond microscopic size highly relies on increased angiogenesis, a process defined as the new formation of blood vessels for adequate nutrient and oxygen supply throughout tumor development. The communication promoted between tumor cells and endothelial cells and, in particular, with TEVs can facilitate endothelial angiogenic responses for further tumor progression. In most cases, angiogenesis is enhanced by upregulating endogenous vascular endothelial growth factor (VEGF) and other angiogenic signaling pathways in endothelial cells, which are ascribed to the pro-angiogenic effects of tumor-derived EVs. Many studies have reported that a series of proangiogenic cytokines are enriched in tumor-derived EVs, such as VEGF, fibroblast growth factor (FGF), interleukin (IL)-6, IL-1α, and tumor necrosis factor alpha (TNF-α), which directly contribute to tumor angiogenesis (40, 41). Moreover, TEVs have also been shown to promote angiogenesis by transferring genetic information, including messenger RNAs (mRNAs) (e.g., hypoxia inducible factor 1 (HIF-1) and VEGF), long noncoding RNA (lncRNA) (e.g., H19 lncRNA, lncRNA POU3F3 and lncRNA CCAT2), microRNAs (miRNAs) (e.g., miR-9, miR-21, miR-105, miRNA-141-3p, miR-142-3p and miR-210), and chemokine receptors (e.g., EGFR and CXCR4) (42–46). Notably, hypoxic conditions, which are often associated with tumor aggressiveness, can not only merely produce TEVs but also exert a more pronounced effect of these TEVs on ECs than the TEVs released by normoxic tumor cells. According to a glioblastoma multiforme (GBM) model in a previous study, exosomes derived from hypoxic GBM cells can program endothelial cells to secrete potent cytokines, stimulate PI3K/AKT signaling in pericytes, and, thus, facilitate tumor vascularization and pericyte vessel coverage (47). Moreover, hypoxia also results in tumor microenvironment acidification, which could further bolster tumor EVs trafficking within relevant cells and support tumor progression (48).

During tumor progression, several categories of EVs are actively involved in exerting immunostimulatory and immunosuppressive effects on the host’s immune system and counteract antitumor activities. EVs, especially TEVs involved in tumor progression, are known to be closely associated with inflammatory responses and are actively engaged in deregulating the activity of various types of neighboring immune cells. Macrophages are present in all stages of tumor progression; many studies have shown that EVs released by tumor cells can transfer their cargo to macrophages and induce inflammatory responses and promote cancer progression. For example, EVs released by ovarian cancer cells could transfer oncogenic miR-1246 to M2-type tumor-associated macrophages (TAMs) and induce the secretion of tumor-supportive factors, including IL-10 and metalloproteinases (MMPs), while miR-25-3p and miR-921-3p present in EVs secreted by liposarcoma cells could stimulate the secretion of the pro-inflammatory cytokine IL-6 from macrophages, thus triggering tumor progression (49–51). Apart from macrophages, lymphocytes can be significantly modulated by TEVs for tumor progression. Recently, tumor immune evasion regulated through the inhibition of T cell function was found as a result of the binding of programmed death ligand-1 (PD-L1) to programmed cell death protein-1 (PD1). Growing evidence has also showed that PD-L1 highly expressed in TEVs from different cancer types could inhibit T cell functions and contribute to tumor progression (52–54). Furthermore, miRNAs such as miR-24-3p were found to be incorporated within TEVs, triggering T-cell dysfunction and leading to lower patient survival. Admittedly, TEVs play a crucial immunosuppressive role, which can affect the behavior of most immune cells and thus accelerate tumor progression. Notably, EVs sourced from various cancers were also shown to express specific tumor antigens that could be taken up by immune cells to induce profound tumor-specific immunological enhancement responses. From this viewpoint, TEVs that are generally considered as promoters of tumor progression can also work as therapeutic agents or cancer diagnosis and treatment signals. For instance, EVs shed by melanoma cell lines were reported to effectively activate macrophages and improve the maturation of dendritic cells (DCs) and T-cell proliferation, which subsequently promoted antitumor effects (55). In other studies, DCs primed with EVs originated from mesothelioma cells and glioblastoma cells could induce potent antitumor responses and significantly increase survival rate (56, 57). These evidence implicated that EVs involved in cancer development could be a promising therapeutic nanoplatforms for cancer treatment.



Engineered Extracellular Vesicles for Cancer Therapy

EVs have emerged as novel and promising therapeutic agents because they can be used for a wide range of tumor-related processes and deliver therapeutic cargos, including nucleic acids and proteins, into tumor sites. Despite multiple advantages, the application of EVs for anticancer therapy has been limited because of insufficient production and relatively low loading of the desired bioagents. As such, many approaches have been explored for mass production and for incorporating a substantial amount of nucleic acids and small biomolecules into EVs. These engineering approaches can be primarily categorized into two groups: direct extracellular modification and indirect engineering of donor cells. These engineering strategies involved in current EVs-based cancer therapy will be summarized and discussed (Figure 2).




Figure 2 | A schematic of EVs engineering strategies that is categorized into two groups: direct extracellular modification and indirect intracellular modification.




Direct Extracellular Modification of Extracellular Vesicles for Cancer Therapy

Extracellular modification of EVs often refers to the direct load of cargos such as genetic elements and biomolecules or drugs and surface modification after EV isolation and purification.


Post-Load of Cargos into Extracellular Vesicles for Cancer Therapy

Direct encapsulation of cargos into EVs often relies on a series of physical procedures or technologies including incubation, freeze-thaw cycles, electroporation, sonication, extrusion, and membrane permeabilization. Among them, incubation and freeze-thaw cycles are two of the easiest methods for engineering EVs. As for incubation, highly concentrated cargos tend to interact with the vesicle’s lipid biolayers and be passively diffused into the EV cavity (58). Because of its maneuverability, researchers have widely used incubation to modify EVs for treating multiple diseases (59–61). When it comes to cancer treatment, small nucleic acids and chemotherapeutic agents (paclitaxel (PTX) and doxorubicin (DOX)) are common cargos co-incubated with endogenous EVs. In a study by Saari et al., PTX was incubated with extracted exosomes derived from prostate cancer cells at 22 °C, and the resulting loaded vesicles could enhance PTX’s cytotoxic effect when treating autologous prostate cancer (62). However, the low loading capacity as well as the limited selectivity of encapsulated cargos are considered main challenges for applying this method. Alternatively, the freeze-thaw cycle is also a straightforward method where the desired cargos are incubated with EVs combined with RT, and then the mixture is processed with repeated cycles from freezing in −80 °C or liquid nitrogen to RT re-thawing to encapsulate cargos. Following this method, Goh et al. developed DOX-loaded EVs (derived from monocytes) to preferentially target cancer cells and induce apoptosis (63). Like the incubation method, the freeze-thaw cycles method for EVs engineering also suffers from inefficient cargos loading, which can be ascribed to passive diffusion as well as severe aggregation during the cycles.

For efficient cargo loading, many physical strategies have been introduced to optimize EV engineering in cancer therapy. As an established non-viral technique for traditional extracellular delivery, electroporation has been extensively used for direct engineering of EVs (64). Similarly to cell structure, EVs are composed of a bilayer lipid membrane, which allows genetic elements, small molecules, or drugs to be incorporated into their structure through pores induced by the electric field. Generally, the loading efficiency can be affected by voltage, pulse times, pulse interval, and protection buffer, and highly depends on the category of loading cargos. Cargo encapsulation into EVs via conventional electroporation is generally low because the lipid membrane structure of the EVs can be damaged under electric fields. Therefore, many electroporation protocols have been developed to optimize this procedure and efficiently engineer EVs. Zhang et al. introduced an miRNA loading strategy in virtue of calcium chloride-mediated electroporation into EVs for in vitro and in vivo delivery. Their results showed that specific miRNAs in exosomes could be efficiently manipulated via modified transfection with buffer protection (65). Nonetheless, such transfection may be associated with contaminating transfection reagents (buffer or residue cargos) in the resulting engineered EVs products, possibly impairing subsequent applications. As shown in Figure 3A, Pamotto et al. screened different electroporation parameters including voltages and pulses, and found that setting with 750 V and 10 pulses allowed significant miRNA enrichment. Two kinds of engineered EVs that incorporated antitumor miRNAs (miR-31 and miR-451a) showed they could silence target genes involved in anti-apoptotic pathways and, thus, promote apoptosis of the HepG2 hepatocellular carcinoma cell lines (66). In another study associated with engineered EVs for treating pancreatic cancer, Kamerkar et al. also used electroporation to enrich specific siRNA or shRNA in EVs for targeting KRASG12D, a common mutation in the GTPase KRAS involved in pancreatic ductal adenocarcinoma (PDAC). With a specific electroporation buffer and Gene Pulser Xcell Electroporation System (parameters: 400 V, 125 μF and ∞ ohms), KRASG12D siRNA and shRNA plasmid could be efficiently encapsulated into isolated and purified exosomes. These KRASG12D-related engineered exosomes (also termed as iExosomes), together with the modification of CD47 peptides on the surface of iExosomes for escaping phagocytosis, can significantly suppress tumor growth in multiple mouse models of pancreatic cancer and support increased survival (70). On the basis of these promising preclinical results, a clinical trial using iExosomes to target metastatic pancreatic cancer was recently registered (NCT03608631). Together with other specific RNAs enriched in EVs for treating multiple diseases (i.e., miR-124 enriched MSCs’ EVs for acute ischemic stroke, NCT03384433), these clinical trials will hopefully give us further insight into the potential of EVs as drug delivery vehicles for RNA species.




Figure 3 | (A) Optimized electroporation parameters for direct EVs loading were screened including voltages and pulses. When the desired cargos were miRNAs, 750 V and 10 pulses showed the most significant miRNA enrichment (66). (B) A novel tumor-cell-exocytosed exosome-biomimetic porous silicon nanoparticles (PSiNPs) was developed through the incubation of the synthetic nanoparticles with parent cells. Such engineered exosomes significantly increased DOX loading and improved antitumor efficacy (67). (C) An exosomal transfer into cells (EXOtic) device enables exosome mass production and efficient exosomal mRNA delivery (68). (D) A cellular nanoporation (CNP) technology trigger a 50-fold increase of exosomes yield and thousand-fold increase of mRNA transcripts in the released exosomes from CNP-transfected cells release (69) (with reproduction permission).



Other than electroporation, alternative approaches such as sonication, extrusion, and membrane permeabilization have also been used to engineer EVs with therapeutic agents for cancer therapy. Sonication has emerged as a potential strategy for generating engineered EVs. When compared to electroporation, EVs engineering through sonication can prevent charged cargo aggregation and also distribute cargos for cancer treatment in the EVs. Lamichhane et al. reported the efficient application of sonication for actively delivering oncogenic siRNAs into EVs. In their study, EVs could be loaded with small RNAs with no aggregation; these therapeutic EVs were taken up by HEK293T and MCF-7 and could target HER2 knockdown, thus resulting in tumor growth inhibition (71). In addition to the nucleic acids, small molecular drugs such as chemotherapeutic agents have also been applied to engineered EVs for cancer therapy. After isolating and purifying exosomes from macrophages, Kim et al. applied mild sonication to encapsulate PTX for treating multiple drug resistance cancer. According to the results, sonication delivery of PTX showed significantly better loading efficiency than routine RT incubation and electroporation. With the high payload of PTX in the engineered EVs, a potent anticancer effect was further confirmed in a tumor-bearing model (72). Extrusion is another direct extracellular approach to modify EVs. During extrusion with specific porous membrane, the EV lipid membrane tends to be disrupted, following cargzo loading into EVs. Using the extrusion method, Fuhrmann et al. showed that porphyrins could readily be loaded into exosomes collected from diverse stem cells. The authors showed that artificial exosomes produced by the extrusion method had a better anticancer effect than the exosomes prepared via traditional passive methods (incubation and freeze-thaw cycles). As a method based on membrane permeabilization, saponin-assisted modification has also been extensively applied to engineering EVs for cancer therapy. Unlike the strategies discussed earlier, saponin-associated approaches are based on surfactant molecules that can generate pores in the EV membrane by interacting with cholesterol during co-incubation.

The engineering methods mentioned earlier allow EVs to be more attractive delivery vehicles for cancer treatment. Physical technology-assisted approaches are definitely more potent and promising than conventional incubation or freeze-thaw cycles, where encapsulation efficiency and loading capacity are often low. Among them, electroporation was shown to be effective for post-loading cargos, while sonication, extrusion, and membrane permeabilization are rarely used. These direct engineering strategies face similar challenges associated with low EV recovery and limited cargo loading efficiency, which impair subsequent application in cancer therapy. With the physical technology applied, membrane disruption cannot be avoided and can only be partially recovered. Moreover, loading capacity and efficiency highly depend on the physicochemical properties of cargos categories and operating loading techniques. As a result, advanced strategies for improving direct EVs modification need to be developed for efficient delivery of therapeutic agents in cancer treatment.



Surface Functionalization of Extracellular Vesicles for Tumor Targeting

EV surface is known to include membrane proteins that can contribute to their biodistribution and targeting capabilities. For cancer therapy, interest has grown in surface membrane protein modification to improve EVs’ targeting efficiency to tumor sites for therapeutic functions. Multiple studies have developed extracellular strategies where isolated and purified EVs were post-handled to modify the EV surface. Multivalent electrostatic interactions and receptor-ligand binding are frequently leveraged for surface engineering of EVs. Nakase et al. exploited electrostatic interactions to bind cationic lipids to the surface of exosomes to enhance intracellular release efficiency of encapsulated cargos in the isolated exosomes. Such interactions produced exosomes with a pH-sensitive fusogenic peptide that could promote binding and uptake by targeted HeLa cells, subsequently inducing efficient cytotoxicity (73). In another study by Qi et al., receptor-ligand binding was developed to generate a dual-functional blood exosome-based superparamagnetic vehicle for cancer therapy. By conjugating transferrin-superparamagnetic nanoparticles with blood derived exosomes, enhanced tumor targeting could be observed under an external magnetic field, followed by significantly inhibiting tumor growth (74).

Many covalent approaches were also used to provide more stable surface engineering of EVs. Among multiple covalent strategies, moderate and specific cross-linking reactions are preferred because the reaction conditions for EV surface modification are in place to prevent EVs from potential disruption or aggregation due to additional buffer solution, osmotic stress, and reaction temperature. As a highly specific click reaction, azide-alkyne cycloaddition can work in aqueous media and low temperatures, rendering it ideal for EVs surface modification. Wang et al. developed a combination of metabolic labeling of newly synthesized proteins or glycan/glycoproteins of parent cells with chemically active azide groups and bioorthogonal click conjugation to engineer exosomes (75). After metabolically engineering parent cells, azide-integrated exosomes were generated, and a variety of small molecules and proteins attached on dibenzocyclooctyne-amine were specifically conjugated. These engineered exosomes have showed promise in the biomedical field because they can efficiently deliver to target sites. In a similar study, Smyth et al. developed engineered exosomes with active terminal alkyne groups (76). According to these methods, the amine groups of the exosomal proteins were first cross-linked with the carboxyl group of 4-pentynoic acid using carbodiimide activation. Then, alkyne-functionalized EVs were conjugated with azide-fluorescence groups through a specific click reaction. These covalent approaches for direct EV surface modification seem to have more advantages than the non-covalent ones because click chemistry is considered a non-invasive strategy that allows exogenous molecules to be incorporated onto the EV surface, with no negative effects on EVs’ physicochemical characteristics. However, only a few reports on engineered EVs used for cancer therapy are available. As such, more systematic studies are needed to support their use in cancer treatment, especially targeting efficiency and safety.




Indirect Intracellular Modification for Engineering Extracellular Vesicles

Indirect intracellular modification is another promising strategy for massively producing artificial EVs. With this approach, parental cells are initially manipulated through physical or genetic approaches, so they can release the engineered EVs. Many cancer researchers have used this concept to endogenously package specific substances into EVs by simply incubating donor cells with the desired cargos, particularly chemotherapeutic agents. In a study conducted by Pascucci et al., PTX was initially co-incubated with bone marrow stromal cells for 24 h. PTX-loaded-exosomes primed with high dose of PTX were then recovered. The results showed that such PTX-engineered exosomes could significantly inhibit the proliferation of CFPAC-1 human pancreatic cells (77). Moreover, studies found that anticancer drugs could stimulate donor cells to secret more EVs with enriched therapeutic agents being packaged, thereby contributing to tumor suppression. According to Lv et al., co-incubating PTX and hepatocellular carcinoma cells (HepG2) in vitro could simultaneously increase exosome secretion and exosomal heat shock proteins (HSPs) loading. Notably, these engineered exosomes led to immunogenic responses and, thus, to increased NK cell cytotoxicity toward cancer cells (78). Considering the low efficiency of drug encapsulation, another study (Figure 3B) led by Yang et al. developed tumor-cell-exocytosed exosome-biomimetic porous silicon nanoparticles (PSiNPs) as drug carriers, greatly increasing drug loading. The authors claimed that engineered exosomes could be exocytosed from tumor cells after incubating with DOX@PSiNPs. These exosomes effectively augmented in vivo DOX enrichment in total tumor cells and significantly improved anticancer efficacy (67). Other than routine chemotherapeutic drugs, other therapeutic substances were also applied for indirect intracellular modification. In a study by Behzadi et al., an HSP70-enriched cell lysate was introduced into J774 cells to obtain the desired exosomes. After incubation, HSP70-loaded exosomes could be recovered from conditioned medium and were found to play an immunoadjuvant role in cancer immunotherapy and significantly delay the occurrence of fibrosarcoma tumors (79). Certainly, not all substances can readily enter parent cells and be encapsulated into EVs by simple incubation because hydrophobic/hydrophilic and charging properties of the substances will greatly influence this process and ultimate loading efficiency. That is, other external assistance and physical or genetic technologies need to be introduced to optimize indirect EV engineering for cancer therapy.

External stresses, such as starvation, hypoxia, and heat treatment through which cells can be activated to produce functional EVs have been gaining interest. For example, previous studies have observed that umbilical-derived MSCs and human leukemia cell line (K562) under hypoxia profoundly elevated EV secretion; these EVs promoted angiogenesis more effectively than EVs from normoxic cells. Further scrutiny revealed that hypoxic exosomes contained abundant amounts of miRNAs (e.g. miRNA-150 and miRNA-210) which could target angiogenesis signaling pathways (80–82). Similar results were reported when cells are under other cellular stresses. Despite the useful strategies used to produce EVs by incorporating a few genetic messages, only moderate EVs can be released and limited cargos can be encapsulated for cancer treatment. To improve modification efficiency, parent cell transfection is the most widely used and efficient method. Ding et al. delivered exogenous miRNA into exosomes produced by human umbilical cord mesenchymal stromal cells (hucMSCs) through lipofectamine transfection. After hucMSCs transfection, miR-145−5p accumulation was detected in hucMSC-derived exosomes, which were shown to effectively inhibit PDAC cells proliferation and invasion in vitro, and significantly reduce the growth of xenograft PDAC tumors in vivo (83). With the assistance of vector transfection, Ohno et al. also showed that the Let-7a-loaded exosomes could effectively target recipient tumor cells after engineering their surface with targeting peptides (GE11 and EGF). They also showed that intravenously-injected engineered exosomes could accumulate in the tumor site and effectively suppress tumor growth (84). Many studies have recently focused on approaches that cannot merely enrich EVs’ contents but increase EVs’ production. In a recent study by Ibrahim et al., skin fibroblasts engineered by canonical Wnt signaling (overexpress β-catenin and the transcription factor Gata4) were turned to a exosome factory that promoted exosome secretion with specific therapeutic functions (85). Moreover, Ryosuke et al. (Figure 3C) developed a novel exosomal transfer into cells (EXOtic) device that enables exosome mass production and efficient exosomal mRNA delivery. By transfecting CD63 plasmids in parent cells with encoding candidates, including STEAP3, syndecan-4 (SDC4), and a fragment of L-aspartate oxidase (NadB), the exosomes yield could be boosted by over 40-fold. Also, a specific packaging device, archaeal ribosomal protein L7Ae, and a cytosolic delivery helper, connexin 43 (Cx43), were used to deliver mRNA into the cytosol of target cells and, thus, produce mRNA-engineered exosomes. By combining these two synthetic bioinspired devices, many exosomes with enriched cargos could be delivered to the desired sites for therapeutic functions (68). Because of the exciting results found for treating other diseases, these promising biological endogenous EVs engineering methods can provide a new horizon of engineered EVs for cancer therapy. In addition to endogenous loading via lipid transfection and biological approaches, physical transfection is another promising strategy for therapeutic cargo encapsulation during EV biogenesis. As shown in Figure 3D, Yang et al. developed a cellular nanoporation (CNP) technology through which functional mRNAs can be encapsulated into exosomes via physical nanoelectroporation. Interestingly, a 50-fold increase of exosomes yield and thousand-fold increase of mRNA transcripts could be observed when compared with traditional bulk electroporation. These PTEN-engineered exosomes were simultaneously functionalized with targeting peptide-modified CD47 and were shown to successfully cross the brain blood barrier for targeting restored tumor suppressor function, enhance inhibition of tumor growth, and increase survival (69). Although these indirect intracellular modification methods can be mass produced and widely enrich EV function, the major challenges are that the amount of active substances encapsulated in EVs cannot be quantified precisely, and the extraction yield and purity of the cargo-loaded EVs obtained by this method are relatively low. Hence, more systematic studies and appropriate analytic tools associated with EVs engineering, and also advanced purification technologies are needed to be developed for applying these therapeutic EVs’ in cancer therapy.




Extracellular Vesicles’ role in Different Cancer Therapies

Three subsections of EVs-based anticancer treatment are included: cancer chemotherapy, immunotherapy and phototherapy (67, 86–89). Because of their low toxicity and ability to get through biological barriers to reach remote tissues, EV-based platforms have been designed for shuttling chemotherapeutics to the desired tumor tissue. Besides, endogenous functionalities ascribed to self-carrying specific proteins, trans-membrane markers, and tumor antigens make EVs promising immunotherapeutic platforms.


Extracellular Vesicles Involved in Cancer Chemotherapy

Chemotherapy is one of the gold standards in cancer treatment. In addition to cytotoxic side effects, pro-metastatic effects of chemotherapy are important and should be addressed. Keklikoglou et al. reported pro-metastatic effects triggered by chemotherapy in a breast cancer model (90). Two broadly used cytotoxic drugs, taxanes and anthracyclines, were found to enhance the pro-metastatic ability of tumor-derived EVs, which were enriched with annexin A6 (ANXA6), a protein that promotes the activation of NF-κB-dependent endothelial cells (Figure 4A). Moreover, ANXA6 was also abundant in EVs of breast cancer patients who received neoadjuvant chemotherapy. The expression of cytokines (e.g., C-C motif chemokine ligand 2 (CCL2)) that facilitate mammary tumor metastasis was also examined using tumor-free and 4T1-mCh tumor-bearing Rag1−/− mice. CCL2 was upregulated in mice treated with PTX. In addition, Ly6C+CCR2+ monocytes that trigger metastasis of mammary tumors were also found to be higher, which is inconsistent with the expression of CCL2, which is known to enhance the establishment of Ly6C+CCR2+ monocyte-assisted lung metastasis (93, 94). Also, Andrade et al. found that more EVs were secreted by melanoma cells after temozolomide and cisplatin treatment; these EVs facilitated re-growth of melanoma in vivo (95).




Figure 4 | (A) EVs elicited from two cytotoxic drugs, taxanes and anthracyclines, were found to enhance the pro-metastatic ability in mouse (a) and zebrafish (b) tumor models (90). (B) EVs collected from activated CD8+ T cells were found to be actively involved in interrupting fibroblastic stroma-mediated tumor progression by depleting tumor mesenchymal cells (91). (C) Molecular profile of radiation-derived exosomes demonstrated that radiation increased the exosomal proteins related to tumor migration and progression (92) (with reproduction permission).



Growing evidence indicates that chemotherapy-induced EVs and the cargos they carry caused chemoresistance in addition to altering tumor behavior and promoting inflammation in the tumor microenvironment. Kreger et al. found that EVs secreted from breast cancer MDA-MB231 cells treated with paclitaxel contained abundant surviving cargo molecules associated with therapy resistance (96). In another study, apoptotic glioblastoma multiforme cells after chemotherapeutic treatment could generate more apoptotic EVs enriched with spliceosomes (e.g., RBM111, a representative splicing factor), which would also promote proliferation and therapy resistance via altering RNA splicing in recipient cells (97). The same effect was found not only in solid tumors but also in blood cancers. A study conducted using bone marrow stromal cell-derived exosomes also proved to induce drug resistance to bortezomib in myeloma cells (98). Kim et al. investigated chemodrug resistance in multidrug resistance tumor cells using PTX-loaded exosomes (72). According to the results, cytotoxicity was found to increase more than 50 times in drug-resistant tPgp protein-overexpressing Madin-Darby canine kidney MDCKMDR1 cells. Moreover, potent antitumor effects were observed when these PTX-loaded exosomes were used in a Lewis Lung Carcinoma (LLC) model through airway delivery. Notably, 97.9 ± 2.0% of exosomes were found to be co-localized with lung metastases, revealing an effective targeting of the exosomes. Similarly, autologous prostate cancer-derived EVs were proved to be effective drug carriers to deliver PTX to cells they originated from and increased cytotoxicity was observed because drugs were delivered through an endocytic pathway (62). In PC-3 cells, the cytotoxic effects could reach the most significant when doses of PTX was over 50 nM, while the cytotoxic effects of PTX at 10 nM and below was significantly weaker. The maximum decrease of PC-3 cells’ viability was around 60% after 48 h, while in LNCaP cells, the maximum decrease of cell viability was up to 80% regardless of the dose. Even though improved cytotoxicity was found when using cancer-cell derived EVs, cancer cell viability was enhanced when non-drug loaded EVs were involved. Therefore, several clinical trials (i.e., NCT01854866) using tumor-derived EVs plus with chemotherapeutic drugs was initiated to further evaluate their performance.

MSC-derived exosomes are good candidates for drug delivery in tumor therapy because of their reduced intrinsic immunogenicity. Melzer et al. incubated MSCs with taxol for 24 h and showed the efficiency of taxol-loaded MSC-derived exosomes in targeting primary tumors and metastases (99). In vitro studies showed that equivalent cytotoxic effects were achieved between exosomes and taxol substances, although a 7.6-fold reduced taxol concentration in exosomes was applied. Also, a 60% reduction of primary tumors and 50% reduction of distant organ metastases were observed in breast tumor mouse models using MSC taxol exosomes and taxol. In contrast, the concentration of taxol in exosomes was 1,000-fold lower than with taxol substances to obtain similar results. Other than stems cells, Tian et al. showed that exosomes derived from mouse immature dendritic cells (imDCs) and encapsulated with doxorubicin (Dox) via electroporation with up to 20% efficiency facilitated in vitro and in vivo anti-tumor effects (87). Briefly, imDCs were engineered to express a well-characterized exosomal membrane protein (Lamp2b) fused to an αv integrin-specific iRGD peptide. Consequently, iRGD exosomes could target αv integrin-positive breast cancer cells. Overall, high targeting efficiency and the ability to inhibit tumor growth without overt toxicity were achieved using this proposed platform. Exosome-biomimetic nanoparticles also exerted satisfactory effects for targeted chemotherapy as drug carriers. As aforementioned (Figure 3C), a novel tumor-cell-exocytosed exosome-biomimetic PSiNPs that contained with exosome-sheathed DOX loading was developed for cancer chemotherapy (67). PSiNPs were produced using the electrochemical etching method (100) by stirring the DOX solution with PSiNPs to obtain DOX@E-PSiNPs. Subsequently, cells were treated with either PSiNPs or DOX@PSiNPs to form DOX@E-PSiNPs. This technology resulted in anticancer activity and cancer stem cell reduction in various tumor models with high cellular uptake and cytotoxicity effects.



Extracellular Vesicle-Based Cancer Immunotherapy

EVs are known to play integral roles in tumor development and progression. According to multiple studies, EVs derived from immune cells are primed with specific proteins and endosome-associated peptides, while EVs secreted by tumor cells contain specific tumor antigens. Because of their endogenous functionalities, EVs have been identified as promising immunotherapeutic nanoplatforms for cancer treatment. In terms of excreting cells, EV-based cancer immunotherapy can be mainly categorized into two groups: TEVs and immune cells-derived EVs (ICEVs).

TEVs are more productive than other kinds of EVs because tumor cells tend to be more aggressive under specific tumor microenvironments and stimuli during development, including pH and hypoxic conditions. As mentioned earlier, these TEVs have been known to play a crucial role in promoting tumor progression by transferring their specific cargos between tumor cells and related cells. Otherwise, these secretions were also found to express specific tumor antigens that could be taken up by immune cells to induce profound tumor-specific CTL responses. Many studies have exploited this TEV function to develop specific immunogenic responses for cancer immunotherapy. In studies by Mahaweni et al. and Liu et al., DCs primed with exosomes that were isolated from mesothelioma cells and glioblastoma cells could induce significant antitumor responses and resulted in increased survival rates (56, 57). Menay et al. found that exosomes isolated from ascites of murine T cell lymphoma could markedly induce specific Th1 responses and increase CD4+ and CD8 + T cells by secreting IFN-γ, thus prolonging survival (101). Moreover, the efficacy of immunogenic activation induced by TEVs can be improved by incorporating stimulating drugs and TEV modification. For instance, Xiao et al. investigated antitumor efficacy after co-delivering DCs/pancreatic cancer cell-derived exosomes and cytotoxic drugs for treating pancreatic cancer. The authors found that including sunitinib and gemcitabine with DCs/Exo could significantly induce higher cytotoxic T-cell activity and more prolonged survival times than each treatment alone (102). As for TEV modification, Koyama et al. introduced a Mycobacterium tuberculosis antigen, early secretory antigenic target-6 (ESAT-6), into exosomes sourced from B16 melanoma cells through transfection and found that the engineered exosomes could remarkably suppress tumor growth in syngeneic B16 tumor-bearing mice. Dai et al. modified colorectal tumor-derived exosomes by incorporating IL-18 and indicated that these modified exosomes induced better DC maturation and T cell activation than unmodified exosomes. Similar results obtained by Yang et al. showed that engineered exosomes derived from IL-2-modifed ovalbumin (OVA)-expressing EL-4 lymphoma cells (Exo/IL-2) effectively inhibited tumor growth (103). These TEVs could trigger potent immune responses that may be beneficial in cancer immunotherapy. Notably, some TEVs also showed negative immunosuppressive properties and contributed to inhibiting immune activation and, thus, to evading immune surveillance. Multiple studies have recently focused on immune checkpoint receptor ligand PD-L1 that highly expressed TEVs and substantially contributed to immunosuppressive phenotypes in different cancer types (52–54). In this respect, the specific effects and functions of TEVs in immunity remain unclear, thus, more detailed studies associated with the therapeutic functions of TEVs are needed in cancer immunotherapy.

ICEVs, especially DCs-derived EVs, have been widely explored as the other primary source of EVs for cancer immunotherapy. Reports have suggested that these EVs carried MHC complexes and T cell co-stimulatory molecules that could activate T cells and present their antigens, thereby stimulating antigen-specific CD8+ and CD4+ immune responses for tumor suppression (86, 104). Moreover, DC-derived EVs have also been reported to activate natural killer (NK) cells and lead to the proliferation of NK cells for tumor suppression. According to multiple studies, trans-presentation of TNF, BAT3, NKG2D, IL-15Rα, and rhIL-15 in DCs-derived EVs were found to be the mechanism involved in NK cells’ ability to inhibit tumor growth (105–107). In clinical studies of EVs, DCs-derived EVs were firstly used to validate EVs’ safety and anti-tumor responses in cancer treatment. In 2005, DCs-derived exosomes pulsed with tumor antigenic peptides were found to be safe in patients with metastatic melanoma and non-small cell lung cancer in two phase I clinical trials (108, 109). Despite feasibility and safety of EV administration, the beneficial effects of the therapy seemed to be minor or negligible. In other phase II trials conducted in non-small cell carcinoma patients, exosomes derived from IFN-γ over-expressed DCs were reported to highly improve the function of NK cells; about 32% of patients experienced stabilization without tumor progression for over 4 months after chemotherapy. Although these clinical trials associated with DCs-derived EVs presented undesirable efficacy, the ICEVs’ therapy was found to be safe and feasible, paving the way for the ensuing clinical trials using EVs from other source or engineered EVs. Also, EVs that originated from T cells, NK cells, and macrophages can also be used as potent agents for inducing immunogenic functions in cancer immunotherapy. Growing evidence has indicated that regulatory T cell-derived EVs can work as suppressors against pathogenic Th1 responses through miRNAs (91). More specifically, Seo et al. reported that EVs collected from activated CD8+ T cells could be actively involved in interrupting fibroblastic stroma-mediated tumor progression by depleting tumor mesenchymal cells (Figure 4B). A similar activity was also observed in NK cell-derived EVs. Zhu et al. found that NK cell-derived EVs showed a significant cytolytic effect against multiple cells from glioblastoma, breast cancer, and thyroid cancer; the involvement of IL-15 could effectively increase the immunotherapeutic effects of NK cells-derived EVs (110). In addition to T cells and NK cells, EVs derived macrophages have also been considered a promising immunotherapeutic nanoplatform in combination with chemotherapy for treating cancer. Various chemotherapeutic drugs, such as PTX and DOX, have been encapsulated within macrophages-derived EVs. All these studies confirmed the therapeutic benefit of EVs, which significantly increased antitumor effects when combined with chemotherapeutic drugs (34, 72, 111, 112).



Extracellular Vesicles Involved in Cancer Radiotherapy

Radiotherapy has been widely used to clinically treat localized cancer because of minimal invasiveness, low adverse effects, and outstanding selectivity and reproducibility. Rising evidence presented that EVs play a critical role in the cancer radiotherapy and greatly affect the tumor progression and therapeutic responses. As a primary light source, radiation has been well known as a powerful strategy to induce distinct tumor cell death process. During the apoptotic process, a series of pro-inflammatory cytokines including tumor-associated antigens (TAAs) and damage-associated molecular pattern (DAMPs) tend to be overexpressed, which can further trigger antitumor immunity. Based on this mechanism, several research found that radiation can also enrich EVs with a variety of TAAs and DAMPs and contribute to the antitumor immunity. In a study conducted by Lin et al., EVs derived from irradiated tumor cells were demonstrated to trigger antitumor immunity against tumor growth and metastasis by enhancing CD8+ and CD4+ T cells infiltration (113). Notably, a novel TAAs, CUB domain-containing protein 1 (CDCP1) was found in radiation-induced EVs and this antigen could be hopefully developed as a peptide vaccine for potent antitumor immune responses. In another study, Farias et al. showed that exosomes derived from MSCs, combined with radiotherapy, could lead to a significant enhancement of radiation-induced tumor apoptosis and metastatic tumor foci in a melanoma mouse model, suggesting that exosome-derived factors could be therapeutic after treatment of the tumors with radiation plus MSCs (114). These studies clearly presented a positive appearance of EVs induced by radiation against tumor; however, more reports indicated that radiation-derived EVs could exert negative effects on the cancer treatment. Growing evidence suggests that radiation-induced EVs are crucial driver in promoting tumor cell motility and assisting in the pre-metastatic niche formation in glioblastoma (GBM), lung cancer and head and neck squamous cell carcinoma (HNSCC). Arscott et al. reported that radiation-derived exosomes could significantly enhance the migration of receiving cells when compared to the exosomes derived from nonirradiated cells (92). These aggressively released EVs derived from cells after radiation exposure were altered in composition and became more oncogenic than normal EVs. According to the profiling results, radiation increased the exosomal connective tissue growth factor (CTGF) and insulin like growth factor binding protein 2 (IGFBP2) proteins, both of which were ascribed to favor tumor migration and progression (Figure 4C). Similarly, Zheng et al. recently found that tumor angiogenesis effect could be enhanced by exosomes when lung cancer cells were exposed to radiation. In this process, miR23 was enriched in these radiation-induced exosomes, subsequently mediating PTEN downregulation and facilitating tumor progression (115). Moreover, EVs has been widely identified as one of the crucial factors of in the development of radioresistance. Multiple studies found exosomes could increase radioresistance in GBM), lung cancer and HNSCC through exosomal miRNAs (e.g., miR-208a and miR-889), non-coding RNAs (e.g., circATP8B4 and AHIF), mRNA (e.g. CCND1, WWC1 and DNM2), and pathways crosstalk (e.g., AKT/mTOR and STAT1/NOTCH3) (116–120). Based on the aforementioned studies, EVs’ roles involved in phototherapy for cancer treatment are controversial and complicated, and could be affected by many factors such as various tumor types, tumor microenvironment and combinations with other therapies. As such, further preclinical and clinical studies are warranted for a more explicit version of EVs-based cancer phototherapy.




Conclusion and Future Perspectives

Over the last decade, awareness in EVs in cancer development and progression has increased, and using EVs-based nanoplatforms for cancer treatment has advanced. We have discussed multiple kinds of EVs derived from different parent cells that are actively involved in tumorigenesis and progression, as well as their roles, functions, and potential in cancer diagnostics and therapeutics. Because of the specific roles of EVs in cancer development and promising potential application as therapeutic agents for cancer therapy, studies have focused on resolving limited production and inadequate content loading within EVs. Current engineering strategies, including both direct extracellular modification and indirect engineering of donor cells, make EVs as more attractive delivery vehicles in cancer therapy. In combination of conventional cancer therapies, such as chemotherapy and immunotherapy, the clinical use of EVs-based therapy will hopefully become feasible. Despite numerous exciting results in preclinical studies, many challenges remain and, thus, more systematic studies are needed to improve clinical translation. The main challenge EVs-based applications are facing is whether their use from allogenic sources will initiate immune responses or other negative responses. In other words, safety after uptake is a major challenge. As mentioned in earlier, EVs may function differently because they are delivery nanoplatforms derived from different parent cells sources. Some TEVs were found to have specific immunogenic responses for tumor suppression, while others may have immunosuppressive properties and contribute to inhibiting immune activation. Also, safety concerns exist. Therefore, more fundamental studies related to the specific roles of EVs from different sources in tumor development and their therapeutic functions are needed in EVs-based cancer therapy. Challenges in using engineered EVs and, especially, direct engineering strategies, include low EV recovery and limited cargos loading efficiency, which impair their application in cancer therapy to some extent. Several indirect intracellular manipulations that modified EVs through engineering parent cells have emerged, simultaneously increasing EV mass production and enriching cargos encapsulation. However, low isolation yield and inadequate purification of EVs after donor cell modification are current limitations along with potential safety issues. Moreover, because precisely quantifying active substances encapsulated in EVs is a concern, appropriate analytic platforms are required. Despite these challenges, EV-based cancer therapy is highly promising and may lead to advancing future cancer treatment.
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Pancreatic ductal adenocarcinoma (PDAC) remains one of the most dismal gastrointestinal malignancies with an overall 5-year survival rate of 8%–9%. The intra-tumor heterogeneity and special tumor microenvironment in PDAC make it challenging to develop effective treatment strategies. Exosomes are extracellular vesicles that originate from the endosomes and have a diameter of 40–160 nm. A growing body of evidence has shown that exosomes play vital roles in tumor initiation and development. Recently, extensive application of exosomes as biomarkers and drug carriers has rendered them attractive in the field of PDAC. This review summarizes the latest progress in the methodologies for isolation, modification, and tracking of exosomes, exosome-mediated cell-to-cell communication, clinical applications of exosome as minimally invasive liquid biopsy and drugs carriers, as well as their involvement in the angiogenic regulation in PDAC. In spite of these advancements, some obstacles are still required to be overcome to use the exosome-based technologies for early diagnosis or improvement of prognosis of patients with PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most dismal gastrointestinal malignancies with an overall 5-year survival rate of 8%–9%, which brings great challenges for developing effective therapeutic strategies (1). Although radical excision is the only potentially curative therapy for PDAC, only 15%–20% of PDAC patients are eligible for radical excision at the time of diagnosis due to either major vascular invasion or distant metastasis (2, 3). Even after curative resection, the majority of patients still encounter local recurrence or systematic metastasis within just 12 months, with a 5-year survival rate after surgery of 20%–30% (4). Nowadays, the paradigm shift from the traditional “surgery first” approach to the modern “multi-disciplinary team (MDT)” treatment significantly improved the short-term prognosis of patients with PDAC; however this MDT approach is not sufficient enough to markedly increase long-term survival of the majority of patients with PDAC (5). Thus, it is imperative to develop new diagnostic and treatment strategies for PDAC.

Exosomes are members of the extracellular vesicle (EV) family and have an endosomal origin. Exosomes have a diameter of 40–160 nm (average, 100 nm). Under physiological or pathological conditions, all the cells inside the human body secrete exosomes into the body fluid – plasma, urine, saliva, ascites, and bile (6, 7). Similar to their parental cells, exosomes contain cell-derived biological molecules such as DNA, miRNA, mRNA, lncRNA, proteins, lipids, and metabolites (Figure 1). The constituents of exosomes vary a lot under different circumstances due to diverse original cell types and status. Because of the features of wide distribution and cell specificity, identification of cancer-specific exosomes via minimally invasive liquid biopsy might be critical for the early diagnosis, prognosis prediction and development of therapeutic strategies related to malignancies (7). Meanwhile, a growing body of evidence has revealed that the cell-to-cell communication via exosomes in different types of cells plays a vital role in the physiological and pathological processes such as immune response, tissue fibrosis, reproduction, tumorigenesis, and metastasis (8–11). Recently, exosomes have become a popular research area of PDAC. Studies have highlighted the clinical value of exosomes as biomarkers and drug carriers in PDAC patients (12–14). In this review, we describe the recent progress in the basic research of exosomes and discuss its clinical applications in PDAC.




Figure 1 | Exosomes involve intercellular communication. Exosomes derived from the parental cells affect the biological function of the recipient cells through ligand-receptor interactions and uptake of exosomal cargo. Exosome transport ways can be autocrine, paracrine, or endocrine.





New Methodologies in Exosome Research


Isolation of High-Quality Exosomes

Isolation of high-quality exosomes is a prerequisite of all the exosome-related studies. The International Society for Extracellular Vesicles (ISEV) classified the exosomes isolation strategies into four categories according to the recovery rate and specificity. Further, the society declared there is no gold standard for the isolation of exosomes at present (15). Although ISEV did not provide clear guidelines on the use of specific exosome isolation methods, it suggested that the investigators should give the detailed protocol in the ensuing scientific publications to guarantee the reliability and reproducibility of results. The most popular technology for purifying exosomes is ultracentrifugation (UC). UC is extensively used in almost all exosome-related studies. For isolating the high-quality exosomes from complicated body fluids such as plasma or urine, researchers also prefer a combination of isolation methods, including UC or polymer precipitation plus size exclusion chromatography (SEC). Unfortunately, the collection of pure exosomes is impossible because of the unavoidable contamination with soluble proteins and larger vesicles. Each isolation method has its specific advantages and disadvantages and results in heterogeneity in terms of size, surface markers, and contaminants in the isolated exosomes (Figure 2) (16, 17). Besides the traditional isolation methods such as UC, SEC, polymer precipitation, and immunocapture, some novel isolation technologies also yield high-quality exosomes (18, 19). Zhang and colleagues (20) developed the Asymmetric Flow Field-Flow Fractionation (AF4) technique, which can identify three diverse exosome subsets, including large exosome vesicles (Exo-L, 90–120 nm), small exosome vesicles (Exo-S, 60–80 nm), and non-membranous nanoparticles (exomeres, 35 nm). The proteomic profiling revealed that the biological function carried out by each subset of exosomes varies considerably. Thus, the AF4 can separate the specific subsets of vesicles for understanding the heterogeneity of exosomal populations. Niu et al. (21) introduced a new exosome isolation platform involving integrated microfluidic chip with a combination of the traditional immunomagnetic bead-based technology and the latest microfluidic method. This platform is automatic and more efficient, which is helpful in obtaining highly pure and intact exosomes. Moreover, this platform can also isolate a certain subset of exosomes with a specific protein marker (CD63). In addition, Lee and colleagues (22) developed an acoustic nano filter system that can separate nanoscale vesicles (<200 nm) in a continuous and contact-free way. The differential acoustic force was created on the basis of the size and density of the nanoparticles by ultrasound standing waves. This system can isolate exosomes with high separation yield and resolution. In recent years, novel purification methods to achieve high-quality isolation of exosomes have progressed rapidly. With the innovation in technology, efficient isolation of exosomes with high purity and quality should be the fundamental benchmark for exosome-related research.




Figure 2 | Different isolation methods of exosomes. Each method has their own advantages and disadvantages based on recovery, purity, operation, and cost.





Engineering Exosomes

Exosomes modification through genetic or nongenetic methods can change exosomal components and improve the targeting capability of therapeutic agents. The techniques of engineering exosomes include modifications of nucleic acid, protein, and glycoprotein, which provide a new targeted strategy for tumor precision medicine. Because genetic manipulation is relatively easier to implement at a cellular level, the complicated exosome engineering mainly focusses on the genetic modification of the parental cells at present.

The small RNAs (siRNAs or miRNAs) can be directly inserted into the exosomes through temporary permeation of the exosomal membrane using either physical or chemical methods, thereby modifying the exosomal nucleic acids. The most common methodology of delivering the target siRNAs or miRNAs into exosomes is electroporation (23, 24). The nucleic acid-modified exosomes can serve as drug carriers because they interfere with the expression of target genes in vitro or in vivo. However, the current technique of exosomal nucleic acid modification still needs further optimization, since it often causes RNA aggregation, which limits the transfection efficiency. Meanwhile, the surface proteins of the parental cells can also be modified using gene editing methods, and the exosomes would then express these modified membrane proteins. These exosomes can be used to target specific cells or tissues and exert the required therapeutic effects with reduced off-target effects. Alvarez-Erviti et al. (23) engineered dendritic cells to express Lamp2b, an exosomal membrane protein that was fused with the neuron-specific RVG peptide to produce brain-specific exosomes. They loaded the purified brain-specific exosomes with exogenous siRNAs against BACE1 using electroporation, and successfully knocked down the specific gene in the brain of a murine Alzheimer’s disease model. Except for the membrane proteins, the ubiquitinated proteins can be sorted into the endosomal sorting complexes required for transport, and entrapped in the exosomes. Based on this sorting mechanism, Sterzenbach and colleagues (25) designed a fusion protein of Cre recombinase and WW tag that recognized the L-domain containing protein Ndfip1 and resulted in ubiquitination of the target protein (Cre). The fusion protein was successfully loaded into the exosomes, demonstrating a potential strategy to load specific proteins into exosomes.

Besides the modification of nucleic acids and proteins, changing the structure of glycoproteins present on the surface of exosomes may also significantly influence the exosomal physicochemical properties and biological functions. Royo et al. (26) reported that a modification of glycosylate complexes through the degradation of terminal sialic acid residues present on the surface of mouse liver-derived EVs resulted in the accumulation of EVs in the lungs. Moreover, Lee et al. (27) developed a targeting strategy to engineer EVs. The investigators observed that, when 3-(diethylamino) propylamine (DEAP) was anchored to EVs, the structure of EVs was maintained in physiological conditions (pH = 7.4); however, this structure collapsed in the acidic environment (pH < 7.0), and the contents inside the EVs were released. Using this strategy, they developed a pH-responsive drug vehicle using nano-sized vesicles. These modified vehicles remained stable in the blood circulation. The encapsulated drugs were released after the vesicles reached the acidic tumor microenvironment and were engulfed by the tumor cells. The results from the xenograft model have demonstrated that DEAP-EVs could significantly increase the concentration of doxorubicin inside the tumors and inhibit tumor growth effectively (27). These novel modification strategies may act as breakthroughs for exosome-mediated targeting of tumors.



Exosome Tracking

Exosome tracking is a visualization technique to label exosomes with specific materials and investigates their bio-distribution at cellular or animal levels using optical, magnetic resonance, or radionuclide imaging. This technique opens up the possibility to measure the metabolic kinetics parameters of exosomes inside the body. The exosome tracking technique consists of three features – labeling, imaging, and data processing.

The labeling of exosomes is classified into two categories – indirect labeling and direct labeling. The indirect labeling method refers to the genetic manipulation, and the modification of metabolites and membranes of the parental cells. The direct labeling method includes click-chemistry-based lipophilic staining and membrane modification for purified exosomes. Investigators have constructed a fusion protein using eGFP, luciferase, and tetraspanins (CD9, CD63, and CD81– anchored on the surface of exosomes), which was then expressed inside the parental cells to mark the exosomes and enable their tracing via an imaging system (28–30). Recently, Tung and colleagues (31) reported a facile exosome labeling strategy. They added tetra-acetylated N-azidoacetyl-D-mannosamine (Ac4ManNAz) to the culture medium. Ac4ManNAz was spontaneously incorporated into the process of glycometabolism and loaded into the exosomes. These azido-containing exosomes were then conjugated with fluorescent dyes via click reaction, so the distribution of the labeled exosomes can be observed in vivo. Busato et al. (32) developed an innovative exosome labeling approach based on magnetic resonance imaging (MRI). The adipose stem cells (ASCs) were incubated with ultrasmall superparamagnetic iron oxide nanoparticles (USPIO, 4–6 nm) for 72 h. Then the ASCs-derived exosomes labeled with these nanoparticles were visualized via MRI. Further, their morphological and physiological features were also preserved. These indirect exosome labeling methods by modifying parental cells have little effect on exosomal properties. However, the efficiency is usually lower, and the procedure is more complex and time-consuming as compared with the direct labeling method using purified exosomes. The most common method of labeling purified exosomes is directly incubating the exosomes with lipophilic fluorescent dyes such as PKH67 and Dio to uniformly stain the exosomal membrane. However, most of these lipophilic dyes tend to aggregate into a mass, thus reducing the imaging quality. So, the aggregation effect must be treated carefully. Furthermore, a recent study showed that gold-carbon quantum dots (GCDs), a novel fluorescent nanomaterial, can serve as a labeling dye for tracing exosomes. GCDs could conjugate with antibodies and label the exosomes via the antigen-antibody reaction. Using this exosome-specific nanoprobe, investigators successfully analyzed the tracks of labeled exosomes after the exosomes were engulfed by live cells (33).

The dynamic visualization of the distribution and biological process of exosomes in high resolution in vitro and in vivo is vital. Real-time imaging for nano-sized vesicles poses a challenge for the spatial and temporal resolution of imaging systems. MRI has a great advantage in spatial resolution as compared with traditional optical imaging. In addition, the latest exosome-tracking method based on radionuclide imaging holds a great promise for dynamic detection of the bio-distribution of exosomes. Hwang et al. (34) used SPECT/CT to continuously observe the distribution of macrophage-derived exosomes labeled with (99m) Tc-HMPAO under physiological conditions. The investigators observed the redistribution of labeled exosomes from liver to brain.

Most of the current imaging techniques for exosome tracking are adapted from the mature cell tracking or medical imaging protocols and lack the specific imaging platform. The multimodal exosome imaging systems are being developed to integrate the advantages of optical, magnetic resonance, and radionuclide imaging (34). These systems can improve the quality of image reconstruction, broaden the scope of their applications, and hence, would play a significant role in the field of exosome research.



Role of Exosomes on Tumor Microenvironment – Cell Messengers

Many studies have indicated that exosomes participate in the process of tumorigenesis and tumor progression. Nowadays, researchers are trying to explore the in vivo biodistribution, content heterogeneity, and biological function of these nano-sized vesicles. The exosomes originating from different cells inside a tumor have built up a unique tumor nano environment (TNE) and act as significant cell-to-cell communication mediators. The living cells shed a large number of exosomes, not only to communicate with themselves and adjacent cells through autocrine and paracrine mechanisms, but also to communicate with distant tissues or organs, playing a regulatory role, through endocrine signaling (Figure 1). Via shedding exosomes, cancer cells promote their own proliferation and migration (7). The low-grade malignant chemosensitive tumor cells may develop a malignant and chemoresistant phenotype after endocytosing exosomes from the high-grade malignant chemoresistant cells (35, 36). Moreover, tumor metastasis model experiments indicated that the exosomes from primary tumor location traveled to the target organs such as the liver and brain by the circulatory system and induced pre-metastasis niche formation, resulting in increasing the possibility of tumor metastasis (37, 38). The exosomes mediate cell-to-cell communication primarily in two ways: (A) The specific proteins on the surface of exosomes directly regulate the signaling pathway inside the recipient cell via receptor-ligand interaction; (B) The recipient cells engulf the exosomes loaded with miRNAs, proteins or metabolites through receptor-mediated endocytosis, clathrin-coated pits, lipid rafts, phagocytosis, or macropinocytosis, then these payloads involve intracellular signaling regulation (Figure 1) (39).

The physiological significance of cells shedding the exosomes remains largely unclear. Early studies hypothesized that similar to garbage bags, exosomes help in the removal of excess waste products from the cell to maintain cellular homeostasis (40). It is hard to discern if the package of exosomal constituents is accurately controlled by the specific sorting system or random assortment. However, nowadays researchers have confirmed that exosome contents play a vital role in cell-to-cell interaction, among which miRNAs are the most widely studied components (41). MiRNAs are small and endogenous non-coding RNA molecules containing about 19-24 nucleotides, which completely or partially bind the 3’ UTR within mRNA via base-pairing principle, resulting in target gene silencing or degradation in the post-transcriptional level (42). Recently, a growing body of studies has revealed that the cell-to-cell communication networks mediated by exosomal miRNAs act as cell messengers in PDAC, highlighting the complex tumor microenvironment of PDAC (Table 1). Wang et al. (43) reported that the exosomes derived from hypoxic pancreatic cancer cells (PCCs) could be engulfed by macrophages and release miR-301a to induce M2 polarization via activation of PTEN/PI3K signaling pathway. The macrophages with the M2 phenotype promoted malignant behaviors in pancreatic cancer cells (PCCs) by secreting TGFβ, IL10, and arginase in return. Natural killer (NK) cells can regulate the expression level of IL-26 in PCCs by shedding exosomes loaded with miR-3607-3p and inhibiting pancreatic cancer progression in vitro and in vivo (44). Exosomes loaded with miR-210 mediate the horizontal transfer of a drug-resistant phenotype from gemcitabine-resistant PCCs to chemosensitive PCCs (36). Cancer-associated fibroblast (CAF) derived exosomal miR-106b enhanced the proliferation and gemcitabine resistance of PCCs by directly targeting TP53INP1 (45). Activated pancreatic stellate cells (PSCs) continuously released exosomes containing high levels of miR-21. PCCs internalize these exosomes, resulting in the upregulation of miR-21. PSC-derived exosomal miR-21 was able to promote epithelial-to-mesenchymal transition (EMT), migration, and enhanced Ras/ERK signaling pathway activity in PCCs (46). Exosomal miR-194-5p shed from the dying tumor cells under radiotherapy was found to induce G1/S arrest and promote DNA damage repair of residual tumor repopulating cells (TRCs) to potentiate pancreatic cancer repopulation (47). In summary, exosomal miRNA mediates complicated cell-to-cell communication network inside the PDAC microenvironment involving PCCs, NK cells, macrophages, and CAFs. However, the interaction mechanisms involving other components such as endothelial cells (ECs) in PDAC are currently unknown. Further research is needed to study the bi-directional communication among these components in PDAC, which even forms a positive feedback loop for promoting the tumor progression. Besides miRNAs, LncRNAs and proteins in exosomes, although with low abundance, also play a pivotal role in PDAC microenvironment.


Table 1 | Exosome miRNA-mediated cell-to-cell communication network in pancreatic ductal adenocarcinoma (PDAC) microenvironment.






Clinical Applications of Exosomes


Exosomes as Biomarkers for Early and Non-Invasive Diagnosis of PDAC

The blur clinical signs and symptoms of PDAC result in a very low diagnosis rate during the early stages. Moreover, the current diagnostic techniques are insufficient to screen out early asymptomatic patients, and the serum tumor markers of PDAC, such as carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen (CEA), have limited specificity and sensitivity. Thus, the development of new and reliable biomarkers of PDAC is critical to improve the early detection and radical resection rates. Recently, the new liquid biopsy strategy mediated by exosomal markers has showed potential value as a non-invasive diagnostic method (Figure 3). Under the protection of endogenous membrane of the exosomes, the diagnostic markers can remain stable inside the blood circulation, which makes the diagnosis more reliable. Therefore, this strategy may become crucial for the non-invasive diagnosis of PDAC in the near future.




Figure 3 | The clinical application of exosomes in pancreatic cancer. Exosomes are isolated from complex body fluids, including portal vein blood, peripheral blood, pancreatic juice, ascites, and urine. Exosomal miRNAs or proteins are identified as biomarkers for early diagnosis and the evaluation of prognosis. It is feasible to collect clinical-grade exosomes on a large scale to culture stem cells. The strategy of using exosomes as drug carriers holds significant therapeutic value when combined with exosome modification techniques.



Exosomes loaded with multiple diagnostic molecules can be isolated from different types of body fluids, making the exosomal markers-based liquid biopsy more attractive for early tumor detection, tumor progression monitoring, and prognosis assessment. Many studies have highlighted the possibility of clinical translation of exosomal biomarkers in PDAC (Table 2). Plasma exosomal miR-21 could be used to differentiate patients with PDAC, intraductal papillary mucinous neoplasm (IPMN) and healthy participants (HP) (48, 49). Goto et al. (50) reported that exosomal miR-21 isolated from pancreatic juice using ultracentrifugation could also differentiate PDAC and chronic pancreatitis (CP). The patients with PDAC had a higher level of exosomal miR-451 than the HP, and the expression level of miR-451 wassignificantly correlated with recurrence and survival time (48, 51). Plasma exosomal miR-196a and miR-1246 also showed diagnostic value for localized pancreatic cancer (52). Moreover, the combination of multiple exosomal biomarkers to create a predictive model significantly improved the accuracy of diagnosis and prognosis (53, 55). In a clinical study with large cohorts, Melo et al. (54) found that Glypican-1 (GPC1), a cell surface proteoglycan, was specifically enriched in tumor cell-derived exosomes, and GPC1+ exosomes in the serum served as a non-invasive diagnostic and screening biomarker with absolute sensitivity and specificity (AUC = 1.0). GPC1+ exosomes could also distinguish patients with early and late PDAC from HP and patients with benign pancreatic disease (BPD) (56–58).


Table 2 | Exosomes as biomarkers for diagnosis and prognosis of pancreatic ductal adenocarcinoma (PDAC).



In summary, the exosome-mediated non-invasive diagnosis strategy may overcome the shortages of traditional serum tumor markers for early detection of PDAC. However, a single exosomal marker used for diagnosis is usually associated with high specificity and low sensitivity (59). Thus, comprehensive diagnostic strategies combining exosomal miRNAs, proteins and traditional serum tumor markers are urgently needed to improve the specificity and sensitivity of PDAC diagnosis.



Exosomes as a Therapeutic Vehicle of PDAC

In recent years, researchers have made great progress in the development of exosomes as drug carriers (60, 61). As compared with liposomes and other nanoparticles, exosomes possess better biocompatibility as drug carriers (62). Injected exosomes shed from endogenous cells of the body are tolerated with minimal immune reaction and toxicity (63, 64). The cargos can be efficiently delivered into the tumor microenvironment using exosomes since these vesicles have the ability to penetrate the blood-tissue barrier. For instance, Alvarez-Erviti et al. (23) demonstrated that the self-derived exosomes were able to deliver siRNA to the brain through the blood-brain barrier. The therapeutic exosomes were found to be taken up by the target tissues in mice with low immune clearance rate via intravenous injection (55, 63). Mesenchymal cells- or epithelial cells- derived exosomes did not cause toxic side effects even after being repeatedly injected in mice (14). Kordelas et al. (65) isolated exosomes from the mesenchymal stem cells (MSCs) to treat graft-versus-host disease (GvHD) and found that the exosomes were well tolerated.

Since exosomal miRNAs have the potential capability to suppress the expression of target genes in recipient cells, investigators have tried to engineer the exosomes by loading target specific miRNA or siRNA to block the abnormal signaling pathways in PDAC cells in recent years. With the protection of the bilayer lipid membrane, exosomal RNAs can be safely transported to the lesion sites without any degradation by natural ribonucleases in the blood (66). The first clinical-grade MSCs-derived exosomes loaded with siRNA against KrasG12D was reported in 2017, which served as a promising therapeutic strategy in PDAC animal models (13). By targeting KrasG12D mutation of PDAC cells in vivo, these engineered exosomes showed a significantly increased overall survival without any toxicity. Moreover, this strategy has found its way to a Phase-I clinical trial in PDAC patients with KrasG12D mutation (NCT03608631).

In order to develop exosomes with a better target ability, we can conduct the modification of exosomes by direct or indirect methods, as discussed previously. For example, mouse immature dendritic cell-derived exosomes loaded with doxorubicin showed targeted αv integrin positive cancer cells with high efficacy, though engineering exosomes to express a fusion protein of Lamp2b and αv integrin-specific RGD (67). Thus, to achieve high targeting of PDAC tumor cells, a new therapeutic strategy can be developed by engineering exosomes and loading specific payloads such as siRNAs, inhibitors, or chemotherapy drugs followed by verifying the safety and efficacy of the exosomes in organoid and patient-derived tumor xenograft models.



Exosomes and Tumor-Associated Neovasculature in PDAC

Tumor-associated neovasculature helps tumor cells in acquiring nutrients and oxygen and clearing metabolic wastes efficiently (68, 69). In the process of tumor development, angiogenesis-related signaling pathways are highly activated to support the continued growth of tumor lesions, which pave the way for local invasion and distant metastasis of tumor cells. However, PDAC is characterized by a lower microvascular density (MVD) with a high desmoplastic stromal reaction as compared with other tumors. The desmoplastic reaction results in a high pressure and collapse of the vascular structure inside PDAC. Thus, the limited vascular bed causes severe hypoxia stress in the tumor cells (70, 71). In order to adapt to the hypoxic environment, the endothelial cells (ECs) in PDAC develop hairy-like base microvilli to extend the vascular surface area, enhancing the glucose uptake rate. In addition, the basement membranes of blood vessels usually lose their integrity and develop various abnormal features such as variable diameters, excessive branching, and destroyed inter-endothelial junctions (69). All these features increase the possibility of early tumor metastasis. Thus, anti-angiogenesis therapy may bring hope for patients with PDAC. Unfortunately, the underlying mechanism of how the PDAC cells regulate angiogenesis is still not fully understood. Some clinical trials have demonstrated that anti-angiogenesis therapies failed to improve the prognosis of patients with PDAC (72–75). The complex tumor microenvironment and cell-to-cell communication among different components may contribute to the angiogenic regulation network in PDAC. Serving as a cell messenger, exosomes may play an essential role in cell-to-cell communication between ECs and other cells.

Accumulating evidences have suggested that angiogenesis inside tumors is regulated by cell-to-cell communication between ECs and other components of the tumors, including tumor cells, CAFs, and tumor-infiltrating lymphocytes (TILs), through soluble cytokines, gap junctions, and physical contact (68). Stromal cells and TILs were found to promote tumor growth via secreting VEGF (76). Masamune et al. (77) found that PSCs in the hypoxic environment release multiple angiogenic factors such as VEGF, MMP9, IL-8, and FGF-2 to induce ECs proliferation, migration, and angiogenesis in vitro and in vivo. In recent years, exosome-mediated cell-to-cell communications between ECs and other components inside tumors have attracted considerable attention (78). Hsu and colleagues (79) found that lung cancer derived exosomal miR-23a under hypoxic condition could inhibit the expression of PHD and ZO-1, resulting in an increase in angiogenesis and vascular permeability. Umezu et al. (80) demonstrated that exosomal miR-135b shed from hypoxic multiple myeloma cells enhanced angiogenesis via targeting HIF-1α. In addition, hypoxic glioblastoma derived exosomes were found to contain multiple angiogenic factors such as VEGFA, to promote the proliferation of ECs and increase the permeability of the blood-brain barrier (81, 82). However, in the field of PDAC, exosome-mediated interactions between ECs and other cells have not been elucidated. Fully understanding of these interactions under hypoxia is critical for the investigation of the special angiogenic regulation in PDAC, which will also help develop new anti-angiogenesis therapeutic strategies.




Conclusions

PDAC is still one of the most lethal human cancers. The development of novel biomarkers and therapeutic targets is essential to improve the prognosis of patients with PDAC. Exosomes are becoming a promising tool for the early detection, prognosis assessment, and even therapeutic modality of PDAC. The studies on exosomes have progressed very rapidly in recent years. In this review, we have summarized the latest progress in the methodologies for isolation, modification, and tracking of exosomes, exosome-mediated cell-to-cell communication, clinical applications of exosome as minimally invasive liquid biopsy and drugs carrier, and their contribution to the angiogenic regulation in PDAC. Despite a lot of advancements, enormous challenges also exist. Firstly, there is still no gold standard for the isolation and identification of exosomes. The reported methods for purifying exosomes in reported studies vary a lot, making the results less reproducible or convincing. Secondly, the development of ideal exosome isolation strategies with high purity and efficiency is currently unachievable and hence clinical-grade exosomes are difficult to acquire on a large scale. Most of the exosome engineering applications for the treatment of PDAC are only limited to cell or animal experiments. Thirdly, biogenesis and sorting mechanisms for exosomes have to be further explored to efficiently engineer exosomes with specific nucleic acids, proteins, and even exogenous drugs. Finally, most of the recent exosome-related mechanistic studies were conducted in normoxic conditions that only involved cancer cells. These situations do not represent the actual hypoxic microenvironment and the complicated components of PDAC. Considering the fact that exosome-mediated cell-to-cell communications among the different entities in PDAC may form a feedback loop instead of unidirectional signaling transmission, in vitro experimental results should be verified using animal models, or in patients with PDAC. In conclusion, there are still a few obstacles to be overcome before exosome-based technologies can be used for early diagnosis or improving the prognosis of patients with PDAC.
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Breast cancer is one of the most prevalent types of malignant tumors in the world, resulting in a high incidence of death. The development of new molecules and technologies aiming to apply more effective and safer therapy strategies has been intensively explored to overcome this situation. The association of nanoparticles with known antitumor compounds (including plant-derived molecules such as curcumin) has been considered an effective approach to enhance tumor growth suppression and reduce adverse effects. Therefore, the objective of this systematic review was to summarize published data regarding evaluations about efficacy and toxicity of curcumin nanoparticles (Cur-NPs) in in vivo models of breast cancer. The search was carried out in the databases: CINAHL, Cochrane, LILACS, Embase, FSTA, MEDLINE, ProQuest, BSV regional portal, PubMed, ScienceDirect, Scopus, and Web of Science. Studies that evaluated tumor growth in in vivo models of breast cancer and showed outcomes related to Cur-NP treatment (without association with other antitumor molecules) were included. Of the 528 initially gathered studies, 26 met the inclusion criteria. These studies showed that a wide variety of NP platforms have been used to deliver curcumin (e.g., micelles, polymeric, lipid-based, metallic). Attachment of poly(ethylene glycol) chains (PEG) and active targeting moieties were also evaluated. Cur-NPs significantly reduced tumor volume/weight, inhibited cancer cell proliferation, and increased tumor apoptosis and necrosis. Decreases in cancer stem cell population and angiogenesis were also reported. All the studies that evaluated toxicity considered Cur-NP treatment to be safe regarding hematological/biochemical markers, damage to major organs, and/or weight loss. These effects were observed in different in vivo models of breast cancer (e.g., estrogen receptor-positive, triple-negative, chemically induced) showing better outcomes when compared to treatments with free curcumin or negative controls. This systematic review supports the proposal that Cur-NP is an effective and safe therapeutic approach in in vivo models of breast cancer, reinforcing the currently available evidence that it should be further analyzed in clinical trials for breast cancer treatments.




Keywords: breast cancer, nanoparticle, curcumin, apoptosis, antitumor, toxicity, in vivo, systematic review





Graphical Abstract | 




Introduction

Among women, breast cancer is the most prevalent cancer worldwide, with 2.1 million cases reported in 2018 (with an annual increase of 3.1%) and more than 620,000 deaths per year (1, 2). Breast cancer is divided into five major intrinsic molecular subtypes: luminal A-like (60–70%), luminal B-like human epidermal growth factor receptor-type 2 negative (HER2–) (10–20%), HER2-enriched (non-luminal) and luminal B-like HER2+ (13–15%), and triple-negative (10–15%) (1). Early diagnosis of breast cancer raises the chances of total recuperation of patients, and the treatment concept is decided based on several criteria such as subtype and grade (3). Chemotherapy and endocrine therapy are typical systemic therapies in non-metastatic breast cancer. They can be associated with local therapy like surgery and radiation (3). In most cases, metastatic breast cancer remains incurable and therapy aims to prolong life and alleviate symptoms (3). However, these conventional treatments present some limitations, like resistance to chemotherapy or endocrine therapy, and some adverse effects (4). Thus, alternative treatments must be investigated to improve the recovery of breast cancer patients, reduce adverse effects, and circumvent therapy resistance.

Natural products are considered as promising alternatives for the development of new antitumor drugs (5, 6). Curcumin, or diferuloylmethane, is a yellow pigment extracted from the rhizomes of Curcuma longa Linn, also known as turmeric. It is the most abundant polyphenol and curcuminoid present in the root of this plant (7). Usually used in culinary and traditional medicine, curcumin also interests conventional medicine by demonstrating antioxidant and anti-inflammatory activities (7). Its anti-cancer effect was reported for the first time in 1985, by Kuttan and co-workers, in cells and animal models of lymphoma (8). In breast cancer, curcumin inhibits cell proliferation, induces apoptosis (5) and acts as a potent antiangiogenic, anti-invasive, and anti-metastatic agent in vitro and in vivo (9). Curcumin also demonstrated the capacity to reverse chemotherapeutic resistance in doxorubicin-resistant breast cancer cells (MCF-7/DOX and MDA-MB-231/DOX) (10). Moreover, curcumin led to the downregulation of aldehyde dehydrogenase-1, and p-glycoprotein-mediated multidrug resistance gene expression, increasing sensitivity of breast cancer cells (MCF-7) to paclitaxel (11). However, the therapeutic application of curcumin is limited due to its poor water solubility and low bioavailability. Thus, some studies have investigated the use of nanoparticles (NPs) to deliver curcumin to breast cancer cells and enhance its bioavailability and efficacy (12).

Nanotechnology is a strong alternative tool to improve application of hydrophobic molecules. The use of NPs increases the stability and bioavailability of antitumor compounds, reduces therapeutic doses, and minimizes possible adverse effects (13). Several types of NPs can be used as drug delivery systems, such as polymer NPs, liposomes, nanoemulsions, metal NPs, micelles, solid lipid NPs, dendrimers, nanospheres, and nanocapsules (14). These NPs can also be associated with other molecules like aptamers, antibodies, or polymers as active targeting moieties. This surface modification can improve the specificity of NPs to tumor cells, facilitate their interaction, and, consequently, increase antitumor effects (13).

At present, there are several clinical trials in which curcumin has been evaluated, mainly after oral administration regimens, in breast cancer patients (e.g., NCT03980509, NCT01042938, NCT03847623, NCT03865992, NCT01740323, NCT01975363, NCT02556632, NCT01246973, NCT03482401) (15). So far, only one clinical trial using intravenous administration of a curcumin water-soluble formulation (CUC-1®) in combination with paclitaxel in breast cancer patients has been registered (NCT03072992) (15).

A substantial number of studies have been published describing the activity of Cur-NPs in in vivo models of breast cancer. Nevertheless, to the best of our knowledge, a systematic review on this subject has not been published yet. Therefore, considering the importance of in vivo studies and their clinical translation, the aim of this systematic review was to summarize published data regarding evaluations about efficacy and toxicity of Cur-NPs in in vivo models of breast cancer, as well as showing evidence for the potential of this therapeutic approach for clinical trial investigations. Although several works describing interesting data regarding the combination of curcumin with chemotherapeutic drugs have been published (16, 17), the present systematic review was performed to cover studies evaluating curcumin as the active antitumor agent, associated with NPs, to understand better the effects on breast tumor progression of curcumin itself and the advantages/limitations of using NPs as its dug carrier.



Materials and Methods


Protocol and Registration

The present study was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (18). The protocol for this systematic review was registered in the International Prospective Register of Systematic Reviews (PROSPERO) (19) with registration number: CRD42020209159.


Eligibility Criteria


Inclusion Criteria

This systematic review based the inclusion criteria on the PICOS (Population, Intervention, Comparison, Outcome, and Study Design) approach (20). We considered studies which evaluated the efficacy and toxicity (O) of Cur-NPs (I) compared with free curcumin and/or negative control (C) on in vivo models of breast cancer in mice or rats (P).



Exclusion Criteria

Studies were excluded for the following reasons: i) reviews, letters, personal opinions, book chapters, and conference abstracts; ii) in vitro studies and clinical trials; iii) use of only free curcumin or curcumin derivatives; iv) other types of cancer; v) use of Cur-NPs associated with other antitumor compounds; vi) full paper copy not available; vii) low quality.




Information Sources and Search Strategy

Individual search strategies were designed for each of the following bibliographic databases: CINAHL, Cochrane, LILACS, Embase, FSTA, MEDLINE, ProQuest, BSV regional portal, PubMed, ScienceDirect, Scopus, and Web of Science (Table S1). The search on databases was performed on August 10 and 11, 2020, with no time restriction. Duplicated references were removed by reference manager software (Mendeley®). There were no restrictions on language and period of publication.



Study Selection

The articles were selected in two phases: screening of titles and abstracts (phase 1) and full text reading (phase 2). In phase 1, two authors (A.S.O. and V.R.P.S) reviewed titles and abstracts of all references identified in the electronic databases and selected articles that seemed to meet the inclusion criteria. In phase 2, six pairs of authors (A.S.O and V.R.P.S.; L.R.A and G.J.F; W.O.P and A.C.P; J.V.O and M.P.G; M.S and G.F.G; P.M.C. and G.A.J.) were formed to independently analyze the full text of articles selected in phase 1 and exclude studies that did not meet the inclusion criteria (Table S2). A third author was consulted if disagreements between the two initial evaluators were not solved by consensus. Extraction of relevant data was done in all included studies to identify animal model, intervention (treatment regimen, dose, route, and NP platform) and outcomes (antitumoral activity and toxicity analysis).



Risks of Bias and Quality in Individual Studies

The quality of the articles included was estimated by applying the 10-question form from SYRCLE’s RoB Toll (Table S3) (21), to analyze the risk of selection, performance, detection, attrition, and other bias. The items were answered in each study by two reviewers individually and the disagreements were resolved by a third reviewer. YES answers indicated low risk of bias, NO indicated high risk of bias, and UNCLEAR indicated it was not possible to assign bias. As a secondary analysis, the quality of the studies was also assessed through 15 questions related to the methodology (Table S4) [based and adapted from the ARRIVE Guideline (22)], and measurement of the outcomes, which were raised by the reviewers and applied in order to classify the studies according to the percentage of YES responses to the criteria raised, being considered as high quality studies with > 70%, moderate quality with 50–69%, and low quality < 49%.





Results


Study Selection

Research on breast cancer has significantly increased. This can be observed, for example, when using the search string “(TITLE-ABS-KEY ((“Breast Cancer” OR “Breast Neoplasm” OR “Mammary Cancer” OR “Malignant Neoplasm of Breast” OR (“Mammary Carcinoma” AND Human) OR “Breast Carcinoma” OR “Cancer of Breast”)))”, on September 27, 2020, in the scientific database Scopus (23), for example, 530,186 document results were found. Of these, some of the regions/countries that published the most were: United States > China > United Kingdom > Germany > Italy > France > Japan > Canada > Australia > India, where the United States published 33.53% and China 8.32% of the studies.

When filtering these results with the search string “(TITLE-ABS-KEY ((“Breast Cancer” OR “Breast Neoplasm” OR “Mammary Cancer” OR “Malignant Neoplasm of Breast” OR (“Mammary Carcinoma” AND human) OR “Breast Carcinoma” OR “Cancer of Breast”) AND (curcumin OR “Turmeric Yellow” OR (yellow AND turmeric) OR diferuloylmethane)) AND TITLE-ABS KEY ((nanoparticles OR nanoparticle OR nanogels OR “Nanocomposite Gels” OR “Nanocomposite Gel” OR nanocapsule OR nanocapsules OR nanoemulsion OR micelle OR micelles OR liposome OR liposomal))),” in order to find studies that have specifically investigated curcumin associated with NPs, 402 documents were obtained (Figure 1). The countries/regions that most published on “breast cancer AND curcumin AND nanotechnology” were India, United States, China, Iran, Italy, among others, according to the Scopus database.




Figure 1 | Number of publications listed in Scopus database with MeSH terms for curcumin nanoparticles and breast cancer. Data obtained on September 27, 2020.



When conducting a bibliometric study of the results obtained in the last search in the Scopus database, using the VOSviewer 1.6.15 program (24), 159 terms were obtained, when establishing at least 10 co-occurrences and “binary count” (presence or absence in each study) configurations. Figure 2 shows the interrelation of three clusters among the most recurrent terms used, where therapy, cytotoxicity, anticancer activity, and apoptosis were among the terms of greatest interest to the scientific community regarding the evaluated topic.




Figure 2 | Bibliometric study of publications listed in Scopus database, with MeSH terms for curcumin nanoparticles and breast cancer, using the VOSviewer program (24), in “title and abstract”, with at least 10 co-occurrences and binary count configurations. Data obtained on September 27, 2020.



Data presented in Figures 1 and 2 were obtained using only the Scopus database in order to give a general overview of the topics discussed herein. However, in the present systematic review, a total of 528 studies were identified from different databases (57 from ScienceDirect; 35 from LILACS; 113 from Embase; 52 from MEDLINE; 60 from Portal Regional da BSV; 55 from PubMed; 41 from Web of Science; 112 from Scopus; 1 from CINAHL, 1 from FSTA, and 1 from ProQuest) (Table S1). After duplicate removal, 320 studies remained and an evaluation of “title and abstract” resulted in the exclusion of 244 studies. The remaining 76 articles were analyzed by full-text review. This process led to exclusion of 50 articles according to exclusion criteria (Table S2). In the end, 26 articles were maintained and included in this systematic review (Table 1) (25–29, 31–50). A flowchart detailing this process is shown in Figure 3.


Table 1 | Summary of descriptive characteristics of the included studies.










Figure 3 | Flow diagram of literature search and selection criteria adapted from PRISMA (18).





Characteristics of the Included Studies

All included studies are research articles that evaluated antitumoral activity of Cur-NPs in in vivo models of breast cancer. The main characteristics of the studies are summarized in Table 1.

The studies were conducted in several countries: China (n = 13); India (n = 6); Bahrain (n = 1); Iran (n = 4); Italy (n = 1); US (n = 1); Republic of Korea (n = 1), and all of them were published from 2014 to 2020 in the English language.

Cur-NPs used in the included studies were mainly described by hydrodynamic diameter (HD) (n=26), polydispersity index (PdI) (n=17), and zeta potential (n=21) through dynamic light scattering and electrophoretic mobility. Some studies assessed NPs’ size and/or morphology by transmission electron microscopy (TEM) and/or scanning electron microscopy (SEM). Curcumin encapsulation efficiency (EE%) was evaluated mostly by high-performance liquid chromatography (HPLC) (n=18).

All in vivo studies followed the progression of tumor volume during the experimental period by measuring tumor small/large diameters or width/length and calculating the final volumes with mathematical formulas. Studies also assessed tumor weight (n=16); survival time (n=3); tumoral stem cells through flow cytometry (n=2); ratio of M1/M2 macrophages through RT-PCR (n=1); apoptosis (n=8), necrosis (n=5), proliferation (n=4), angiogenesis (n=5), cell density (n=4), inflammatory response in the tumor (n=1), and metastasis (n=1) through classical histology (HE) and immunohistochemistry. Regarding toxicity analysis, 21 studies used at least one parameter of evaluation. Studies assessed weight loss (n=15); damage of major organs through classical histology (HE) (n=9); food intake/behavior (n=1); inflammatory cytokine levels (n=1) through ELISA; hemolysis (n=2) through absorbance; and hematological (n=3) and biochemical parameters (n=6) through animal blood counter and commercial kits.



Quality and Risk of Bias in Individual Studies

When analyzed by questions based on ARRIVE guidelines, as seen in Table 2, 23 studies were graded as of high quality and 3 as of moderate quality. Most studies clearly reported the encapsulation methods of curcumin (n=24) and investigated characteristics of NPs (n=23). Animal models were considered adequate in all studies and ethical committee approval was clearly reported in 18 studies. Six studies did not clearly report ethical approval and two other articles did not mention this criterion. Furthermore, animal conditions during the experiment were not clearly described in 13 studies. The study design of anticancer activity was well executed in most studies and some articles clearly mentioned time of treatment (n=25), route of administration (n=22), dose of curcumin (n=25), and presence of control groups (n=25). Nevertheless, only 15 studies investigated anticancer activity of free curcumin to compare with the Cur-NP effect. Additionally, a toxicity assay was performed in 21 studies. Lastly, statistical models were considered as unclear in all studies due to lack of information.


Table 2 | Overall quality of the selected studies. Detailed description of the evaluated parameters is found in Table S4.



Risk of bias assessment based on SYRCLEs’ RoB guidelines of all included studies is summarized in Table 3. Criteria were considered unclear when they were not clearly reported or gave incomplete information. Most studies did not clearly describe information on allocation, randomization, and blinding, which is required for quality assessment. Animals were not randomly housed during the experiment in two studies. Additionally, three studies did not adequately address incomplete outcome data. In parallel, the experimental groups were considered similar in 18 studies, and 24 studies showed low risk of selection bias of reported outcomes.


Table 3 | Risk of bias in individual studies (SYRCLE’s Rob toll criteria). YES answers indicated low risk of bias, NO indicated high risk of bias, and UNCLEAR indicated it was not possible to assign bias. Detailed description of the evaluated parameters is found in Table S3.





Synthesis of Results

A wide variety of NP types were used in the included studies. Polymer NPs were mostly used for curcumin delivery (n = 9), followed by micelles (n = 6), lipid-based NPs (n=3), metal NPs (n = 2), hybrid NPs (n=2), dendrosomal NP (n =1), nanocrystal (n=1), graphene oxide NP (n=1), and mesoporous silica NP (n=1). Poly(ethylene glycol) chains (PEG) were present in NP composition in 11 studies. Nine studies evaluated NPs associated with targeting moieties such as folic acid (n=5), hyaluronic acid (n=1), EGF peptides (n=2), and AnxA2 (n=1). With HD ranging from 101.4 to 371.7 nm, most Cur-NPs presented negative Zeta potential (−48 to +40 mV) (n=22) and EE% from 32 to 98% (Table 1).

Concerning experimental design, studies were heterogeneous regarding animal model, route of administration, duration of the experiment, and dose of treatment. Ten studies adopted nude mice as animal models when tumor was induced with human cells and another 16 used mice with a native immune system for tumor induction with murine cells. One study used rats with MNU-chemically induced mammary tumors (n=1). The main human cell lines used were MCF-7 (n=6), MDA-MB-231 (n=3), MDA-MD-468 (n=1), MCF10CA1a (n=1), and BT-549 (n=1). The murine cell lines used were 4T1 (n=9), EMT6 (n=1), JC (n=1), and Ehrlich ascites carcinoma cells (n=1). One study used the transplantation of spontaneous mouse mammary tumor pieces (n=1) as the breast cancer model. Implantation of tumor cells into the mammary fat comprised three studies, while the others adopted subcutaneous implantation into the flank (n=14) or armpit (n=1).

The first day of treatment was described according to days after induction (n=9), ranging from 3 days to 4 months, or tumor volume (n=13) in the range of 40 to 400 mm3. The curcumin doses used in the treatments varied between 2 and 100 mg/Kg and were administered daily (n=8), every other day (every 2 days) (n=7), three times a week (n=6); twice a week or less (n=4). Intravenous administration was the main route of administration used in the included studies (n=18). Few studies used intraperitoneal (n=2), intratumoral (n=2), or oral administration route (n=1); and one did not clearly mention this information (n=1).




Discussion


Summary of Evidence

The structure of curcumin has chemical groups that allow interactions of diverse chemical natures (e.g., covalent, non-covalent, hydrophobic, and hydrogen bonds) with molecules involved in the different pathways of breast carcinogenesis (9, 16). It has been reported that curcumin inhibits cell proliferation, tumor invasion, and angiogenesis. As an anti-proliferative agent, curcumin induces cell cycle arrest and p53-dependent apoptosis. It also alters signaling protein expression, such as Ras, protein kinase B (Akt), and phosphatidylinositol-3-kinase (PI3K) (51). Additionally, the use of curcumin has been described as a potential strategy for inhibiting EZH2 (enhancer of zeste homolog-2), a histone modifier protein subunit involved in tumor growth, metastatic potential, and in the regulation of drug resistance. In breast cancer, it has been reported that curcumin is able to inhibit the proliferation of human breast cancer MDA-MB-435 cells in correlation with the downregulation of EZH2 expression (52, 53).

Curcumin has demonstrated anti-invasive effects through downregulation of matrix metalloproteinase (MMP-2) and upregulation of tissue inhibitor of metalloproteinase (TIMP-1) in MDA-MB-231 breast cancer cells (54). Interestingly, emerging evidence indicates that the chemopreventive and chemotherapeutic properties of curcumin are closely linked to the modulation of miRNAs involved in tumorigenesis and metastasis signaling pathways, e.g., hedgehog, notch-1, PI3K/Akt/mTOR, Wnt/β-catenin, IGF, VEGF, and TGF-β/smad3 pathways (55, 56). Gallardo et al. (57) demonstrated that curcumin prevents the migration and invasion of breast cancer cells (MCF-10F and MDA-MB-231) by targeting miR-34a as a regulator of Rho-A and other genes involved in epithelial-mesenchymal transition, such as Axl, Slug, and CD24 (57). Curcumin can also prevent angiogenesis by inhibiting vascular endothelial growth factor (VEGF) (58, 59) and suppressing angiogenic cytokine interleukin-6 (60). All of the mentioned mechanisms cited above along with anti-inflammatory action and inhibition of cell growth factors, support confirmation of the wide activity of curcumin in the regulation of tumor growth by acting in different cancer hallmarks (9).

However, the hydrophobic property of curcumin limits its applications and demonstrates less impressive success in clinical trials (14). Additionally, free curcumin can undergo biomodifications and may be mostly excreted in feces or in bile in animal models (61). Therefore, the use of drug delivery systems, such as NP platforms, is an alternative to improve drug bioavailability, administer lower doses, increase time of circulation, and enhance its biological activity. The natural product-based nanomedicine field for cancer treatment has increased and demonstrated great potential (6, 14). The present systematic review reports the effects of Cur-NPs on antitumoral activity and toxicity of in in vivo models of breast cancer.

Analysis of the included studies showed that curcumin evaluated in in vivo models of breast cancer has been loaded in a wide variety of NP platforms, including different compositions, sizes, and zeta potential. In fact, advantages were evidenced in all the included studies that compared tumor volume reduction after Cur-NP treatment with curcumin treatments in its free form and/or with negative controls (Table 1). For instance, a volume reduction of ~21% was observed in tumors of animals treated with free curcumin, while a significant reduction of ~86% was observed in animals treated with curcumin nanocrystals coated with hyaluronic acid (35).

NPs are able to accumulate into solid tumors (e.g., breast cancer). The classical concept states that NPs extravasate the tumor’s vascular barrier through gaps between endothelial cells (owing to irregular angiogenic growth) and are retained in the tumor mass due to poor local lymphatic drainage—a passive process known as the enhanced permeability and retention (EPR) effect (62, 63) Nevertheless, this pathway has been currently under debate, and updated data show evidence that it may not be the dominant mechanism of NPs’ extravasation into solid tumors (64, 65). Other mechanisms of NPs’ tumor accumulation have been investigated, such as the trans-endothelial pathway, which is a metabolically active process that requires endothelial cells to rearrange their structure to present vesicles that can uptake NPs and further deliver them to tumor cells nearby (64).

Improvements in tumor NP accumulation and favorable interaction between NPs and cancer cells can be obtained by tailoring the surface of the NP with moieties able to confer prolonged blood-circulation time (e.g., PEG) and specific active targeting (e.g., ligands with affinity to molecules overexpressed in tumor cells) (66). The main active targeting moieties found in the included studies were folic acid (FA) and hyaluronic acid (HA). FA shows affinity to folate receptors, which are tumor-associated proteins overexpressed in more than 40% of human tumors, including breast cancer (67). A metal organic framework of FA-Cur-NPs significantly improved curcumin antitumor efficacy (~61%), while non-modified NP accounted for ~44% for tumor volume reduction (31). Similarly, attachment of HA, a natural polysaccharide consisting of repeating disaccharide units, to the surface of NPs, has been investigated since it binds to the cell surface molecule CD44, a surface protein widely expressed in breast cancer (68). Curcumin associated with HA-mesoporous silica NPs showed a significant ~70% reduction in tumor weight, while no significant effect was observed for free curcumin (39). Other modifications of the curcumin-NP surface with ligands specific to different tumor surface biomarkers for breast cancer have also been explored (29, 37, 45).

Once in the tumor site, NPs can be internalized by tumor cells and/or release their cargo in the tumor microenvironment. It is known that the tumor microenvironment is acidic (69), and this pathological characteristic of cancer can be used as a strategy for the controlled release of NPs responsive to acidic pH (40). This strategy prevents cargo release to non-target tissues and aids in the mitigation of possible adverse effects. Kundu and co-workers (40) designed their study based on this approach by using pH-sensitive NPs. They observed that the release of curcumin from the nanohybrid zinc oxide NPs was improved in decreased pH and resulted in an increased accumulation of curcumin in tumor tissue and a significative tumor volume reduction (~77%). In addition, no biochemical modifications or structural damage were observed in the liver and kidneys (40). Huang and co-workers (48) encapsulated curcumin in pH-sensitive polymeric NPs and showed a significant reduction in tumor volume followed by increased survival time (Table 1) (48). Internalization of NPs can be mediated or not by active targeting ligands (depending on the mechanism triggered), and it occurs mainly through endocytosis pathways where the main mechanisms comprise a) clathrin-mediated endocytosis; b) caveolae-mediated endocytosis, for NPs up to 200 nm; c) macropinocytosis; and d) other clathrin and caveola-independent endocytosis for NPs with sizes between 250 nm and 3 µm (70, 71). Once inside the cells, NPs can interact with specific organelles and/or release their cargo to reach potential targets, such as the ones involved in cell death/survival and cell proliferation pathways (66).

Curcumin can modulate multiple apoptosis signaling pathways. The predominant apoptotic mechanism—extrinsic (receptor-mediated) or intrinsic (mitochondrial) – differs between cell types, differentiation stages, or curcumin concentrations. Increase of Bax/Bcl-2 ratio, activation of caspase-3, inhibition of telomerase, DNA fragmentation, and induction of redox signaling are some of the apoptotic mechanisms activated by curcumin in distinct breast cancer cells (72–74). Cell cycle arrest by free curcumin has also been described and is potentially associated with its antiproliferative effects (74). Regarding the antitumor mechanisms reported in the included studies, Cur-NPs were shown to induce at least tumor apoptosis, necrosis, and/or cell proliferation blockage in in vivo breast cancer models (26, 28, 30, 34, 36, 37, 40, 41, 45, 48).

Angiogenesis involves the development of new blood vessels from pre-existing vessels and plays an important role in tumor growth, maintenance, and metastasis (26, 30). Free curcumin has been described presenting anti-angiogenesis effects by inhibiting or modulating many pro-angiogenesis factors such as vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), and basic fibroblast growth factor (bFGF) in in vitro and in vivo studies (26, 30, 58). Similar effects were reported in the included studies when curcumin was associated with micelles, graphene oxide, or polymeric NPs and administered in in vivo breast cancer models (28, 34, 36, 41, 45).

It is known that a population of cancer stem cells (CSCs) is present within the tumor microenvironment. These cells are able to activate self-sustaining and self-renewal mechanisms, giving rise to heterogeneous cancer cells that comprise the tumor (75). CSCs are also known to present a high expression of P-glycoprotein, a well-known protein involved in multidrug resistance (MDR), making them less susceptible to antitumor therapies (76). Interestingly, free curcumin has been described affecting CSCs with no toxicity to normal stem cells. The mechanisms involve modulation of P-glycoprotein (77); suppression of the release of cytokines such as interleukin (IL)-6, IL-8, and IL-1, which stimulate CSCs; among others (75). Cur-NPs of the studies evaluated herein seems to maintain this property since studies with curcumin associated with micelles and polymeric NPs have shown a significant reduction in the proportion of CSCs present in in vivo breast cancer models (26, 33) (Table 1).

Metastasis is the process where cells from the primary tumor spread to distant sites and give rise to a secondary tumor. Advanced breast cancer includes both stage (IV) of metastatic breast cancer and inoperable locally advanced breast cancer, which has not spread to distant organs. The most common site affected by breast cancer cells are the axillary lymph nodes, lungs, liver, and bones (1, 78). In the present review, Cur-NPs showed significant effects against tumor metastasis in in vivo breast cancer models. For instance, curcumin associated with graphene oxide NPs reduced the regions of metastasis in a triple negative breast cancer model (34).

Different routes of administration were adopted among the studies evaluated herein. The oral administration route is preferred over other routes for drugs and NPs due to advantages such as ease of ingestion, good patient compliance, and pain avoidance. The main limitation of this route is the knowledge of the real dose absorbed (79). Only one included study explored oral administration with curcumin entrapped in a lipid-based NP (25). Interestingly, a remarkable tumor volume reduction of ~60% was achieved; nevertheless, the dose of curcumin administered was the highest among all the other studies (100 mg/Kg), probably due to variations in NP absorption through this route.

Other routes of administration can be applied to avoid the gastrointestinal tract and potential degradation (80). Intratumoral administration is an interesting option for breast cancer therapy. NPs can be administered with a minimal invasive procedure with a regular biopsy needle, for example, right in the tumor site, increasing the lifetime of drugs in contact with malignant target cells, reducing adverse effects on healthy tissues, and bypassing liver metabolism (81). Two of the included studies used this route to administer micelle NPs to triple negative breast cancer models and showed similar outcomes in terms of tumor volume reduction (51–60%) (26, 27).

The intraperitoneal (IP) route is commonly used in rodents and consists of an injection of pharmacological drugs into the peritoneal cavity. Quick and minimally stressful for animals, the IP route permits safe administration of a large volume of drug and it is more appropriate when the intravenous route is challenging. The IP route is an entry portal for blood circulation through the capillary system (80). Two of the included studies reported the success of Cur-micelle NP administration via IP route with a reduction of tumor volume of ~80 and ~59.1%, respectively (28, 29).

The intravenous (IV) route of administration enables the rapid circulation of an administered drug in the bloodstream. Although approximately 70% of the included studies adopted this route of administration, precise efficacy comparisons regarding composition and other characteristics (e.g., HD, PDI, PZ) of NPs are limited due to variations in cell lines, number of cells used for induction, moment of the first treatment, and dose/treatment regimens. However, some comparisons involving dose concentrations and presence of active targeting were possible when analyzing studies that evaluated more than one experimental variable in the same experimental design. In general, it was observed that all the types of NPs used led to improved outcomes in terms of tumor volume reduction in models of estrogen receptor (ER) positive, chemically induced, and triple negative breast cancer (Table 1).

MCF-7 is one of the human cell lines most commonly used for breast cancer research, since it expresses substantial levels of estrogen receptor (ER) mimicking the majority of breast cancers diagnosed nowadays (82). Analyzing MCF-7 models of the included studies, it was observed that the influence of active targeting in improved efficacy outcomes depends on the moiety used. Lin and co-workers (50) reported significant improvements in tumor volume reduction when attaching FA, as the targeting moiety, to lipid-based NPs (~83%) when compared to non-targeted NPs (~66%) (50). Similar results were observed in MDA-MB-231 in vivo models (triple negative breast cancer), where the presence of folate, as an active targeting moiety, showed improved tumor volume reduction (~90%) when compared to non-targeted NPs (~75%) (46). On the other hand, no significant improvements were observed when peptide moieties with affinity to EGFR were used in polymeric NPs when compared with non-targeted NPs (37). Another interesting aspect that seems to improve efficacy outcomes in MCF-7 models is the design of pH-sensitive NPs. Yu and co-workers (47) reported improved reduction of tumor volume in animals treated with pH-sensitive micelles (mPEG-PLA with PAE) (~65.6%) when compared to the ones treated with non-pH-sensitive micelles (~47.1%) (47).

Both MCF-7 and MDA-MB-231 conventional in vivo models are induced in immunocompromised mice due to the human origin of these cell lines (83). These models, also known as xenograft, lack relevance when the study aims to evaluate/associate the outcomes with a functional immune system. In this case, syngeneic models, where cells of the same genetic background (murine) are implanted into a mouse with a native immune system, are recommended (83). Syngeneic breast cancer models usually use the 4T1 cell line as a representative model that mimics triple negative breast cancers (84). Analyzing 4T1 models used in the included studies, it was observed that the outcome of tumor volume reduction showed a tendency to respond in a dose-dependent manner. Greish and co-workers (44) showed that a 20mg/Kg dose led to improved tumor volume reduction (~92%) when compared to a 10 mg/ml dose (~61%) (44). Nevertheless, when comparing high doses, such as 40 and 80 mg/Kg, no significant improvements were observed between them (49). The presence of the active targeting moieties FA or HA in the NPs showed improved efficacy, as reported by Laha and co-workers (31) and Ji and co-workers (31, 35).

Analyzing only the studies of Sahne and co-workers (34), Ji and co-workers (35) and He and co-workers (36), all with breast cancer induction with 4T1 cells (106) in Balb/c mice, and with the treatments performed intravenously and in very similar doses, 4 or 5 mg/kg, but with a difference in the treatment schedule (Table 1), (in the work of Sahne and co-workers, the treatment was daily, for 21 days; in the work of Ji and co-workers, the treatment was every two days for 10 days; and in the work of He and co-workers, it was every four days in 21 total days), it can be observed that, interestingly, the treatments with the Cur-NPs, either by FA-GO-NP or HA-Cur-NP, promoted a similar percentage of reduction in tumor volume (approximately 86%, Table 1). Assessing NPs, HA-Cur-NP is a nanocrystal that has a 162 nm HD, while FA-GO-NP is a graphene oxide NP that has a 60 nm HD. In the treatment aspect, treatment every 2 days for only 10 days of HA-Cur-NP had the same antitumor efficiency as daily treatment for 21 days of FA-GO-NP. Therefore, it is a shorter and less aggressive therapeutic regimen, presenting similar efficiency (34–36).

The elimination of NPs occurs in organs and tissue systems after i.v. injection by two main clearance systems: reticuloendothelial system (RES) or mononuclear phagocyte system (MPS) and by renal and hepatic systems. Properties of NPs, including core type, surface chemistry, size, shape, degradability, and surface charge influence the process of clearance (85). The MPS is based on phagocytosis (mostly for NPs between 50 and 200 nm) or pinocytosis, and degraded NPs are excreted into the blood circulation, decreasing the injected dose (85, 86). Renal and hepatic systems are the main clearance organs of NPs less than 100 nm through glomerular filtration and tubular secretion in the kidney. NPs that are not cleared by the kidney can be processed in the liver due to the presence of a large number of Kupffer cells that can sequester foreign bodies, and the very permeable sinusoidal endothelial cells that enhance liver uptake and retention of NPs (85).

Among the included studies that evaluated toxicity effects, none of the Cur-NPs provoked toxicity, considering biochemical markers, hematological changes, damage to major organs, and weight loss (Table 1). It is worth pointing out that the majority of studies (~80%) analyzing the efficacy of Cur-NPs also evaluated at least one toxicity outcome, showing that research into NPs is not only interested in treatment efficacy but also considers safety issues. Nevertheless, ~33% of such studies used only body weight as a parameter for toxicity analysis. Thus, it is important to pursue deeper investigations beyond these parameters in order to understand better the safety of the treatment and enable its clinical translation.




Limitations

Some limitations were encountered during the elaboration of this systematic review. First, there was high heterogeneity regarding NP type, characteristics of NPs, animal models, period of administration, and intervention concentrations which made meta‐analysis unfeasible. Furthermore, one study was excluded in phase 2 because its full copy could not be obtained. Moreover, most SYRCLE’ RoB criteria were unclearly reported in most included studies therefore, limiting the evaluation of study quality. 



Conclusion

This systematic review evidences that the use of NPs as drug delivery systems for curcumin is a promising approach for the treatment of breast cancer. The results show significant tumor volume reduction in all breast cancer models, which could be attributed to increased apoptosis and necrosis rate, reduction of tumor cell proliferation and impairment of angiogenesis, and even reduction of the population of stem cancer cells, which might also be correlated with improved survival times. All of these improved outcomes are also related to no or low adverse effects in terms of body weight, histopathology of major organs (e.g., liver, kidneys, lungs, spleen), or alterations in hematological/biochemical parameters.

Variations in NP structure should be considered according to the type of breast tumor as well as the route of administration and dose schedule. In addition, the cost-effective and large-scale manufacturing of the proposed NP platforms is also of considerable importance to enable a real translation of these remarkable technologies from the bench to the bedside.

Although Cur-NPs’ association with other therapeutic approaches is not within the scope of the present work, it is recommended that systematic evaluations of outcomes regarding efficacy and toxicity of Cur-NPs when associated with other plant-derived molecules or currently prescribed therapies (e.g., chemotherapy, radiotherapy) should be further considered. Altogether, this systematic review supports the proposal that Cur-NPs provide an effective and safe therapeutic approach in in vivo models of breast cancer, reinforcing the currently available evidence that their usage should be further analyzed in clinical trials for breast cancer treatments.
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Since more than 40 years liposomes have being extensively studied for their potential as carriers of anticancer drugs. The basic principle behind their use for cancer treatment consists on the idea that they can take advantage of the leaky vasculature and poor lymphatic drainage present at the tumor tissue, passively accumulating in this region. Aiming to further improve their efficacy, different strategies have been employed such as PEGlation, which enables longer circulation times, or the attachment of ligands to liposomal surface for active targeting of cancer cells. A great challenge for drug delivery to cancer treatment now, is the possibility to trigger release from nanosystems at the tumor site, providing efficacious levels of drug in the tumor. Different strategies have been proposed to exploit the outer and inner tumor environment for triggering drug release from liposomes and are the focus of this review.
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Introduction

A liposome is a spherical vesicle composed of a phospholipid bilayer formed into an enclosed aqueous pocket. They were first described by Alec Bangham in the mid-60s, who was interested in the system as an in vitro model of biological membranes (1). It was Gregory Gregoriadis in 1973, who first proposed their use as a drug delivery system (2). As drug carriers, liposomes are extremely versatile, as the phospholipid bilayer can accommodate hydrophobic drugs, while hydrophilic drugs can be entrapped on the aqueous inner compartment. In 1974, Gregoriadis et al. first suggested the potential of liposomes as carriers of anticancer drugs, based on the observation that they were able to accumulate in the tumors (3). This accumulation ability was later explained by the idea that liposomes take advantage of the leaky vasculature and poor lymphatic drainage present at tumor tissue to passively accumulate in this region, what is known as Enhanced Permeability Retention (EPR) effect (4–6). A major drawback of the first generation liposomes consisted on its rapid uptake by the mononuclear phagocyte system (MPS) after systemic administration, which limited their application. It was in 1990 that Klibanov et al. reported the first step on liposome’s evolution: the possibility of enhancing circulation time by coating the liposomal surface with inert biocompatible polymers, such as polyethylene glycol (PEG). This coat prevents the recognition of liposomes by opsonins and thus reduces their clearance by the cells of the MPS (7). As the EPR effect is a progressive phenomenon, requiring many passages of the nanosystem through tumor vasculature, long circulating liposomes have a better chance to accumulate in tumors (5). The strategy of coating liposomes with PEG allowed for the development of Doxil®, the first FDA-approved nano-drug (8, 9).

Aiming on further improving tumor target, research efforts have been made to develop liposomes able to actively target the tumor site. The strategy consists on attaching a ligand to the liposome surface, directed to a molecule or receptor over expressed on the tumor cell. This strategy is also complementary to EPR effect as actively-targeted liposomes require being in the vicinity of their target to recognize and interact with it. No actively targeted liposomal formulation is commercially available; however, some have made it to the clinical development stages (10).

For both targeted and non-targeted liposomes, drug release kinetics is critical to the anticancer effects, thus a great challenge now facing drug delivery for cancer treatment is liposomal trigger at tumor site. Liposomes designed upon this concept should be optimized to prevent drug release in the bloodstream and normal tissues and release their contents only when exposed to a trigger stimulus at tumor site, obtaining optimum anticancer effects (11, 12). This strategy aims on enhancing efficacy and reducing toxicity, is highly dependent on EPR effect, and can also benefit from active target. Figure 1 exemplifies the idea of liposomes as carriers of anticancer drugs and its evolution.




Figure 1 | Schematic representation of key features of liposomes as carriers of anticancer drugs and its evolution. The tight endothelial junctions of cells on normal vessels allow free drug to overflow from blood vessel to normal tissue (1). Liposomes however are too big to penetrate through the tight junctions on vessels from normal tissues (2), accumulating preferably on tumor tissue, where vessels present a defective architecture (3) on a process known as EPR effect. Liposomal surface functionalization can be done aiming on improving its characteristics (4). Surface PEGylation enhances circulation time so that EPR effect is enhanced (4.1). Attaching targeting ligands allows liposomes to recognize tumor cells once they leak through the vasculature (4.2). Once on tumor tissue, different endogenous and exogenous trigger stimuli are being investigated as possibilities to improve drug release on this site (5). A trigger stimulus can either disrupt completely the liposomal membrane (5.1) or enhance its permeability (5.2) allowing the drug to escape.



Different strategies have been proposed to exploit the outer and inner tumor environment for triggering drug release from liposomes. Formulations designed to be triggered by extracorporeal physical stimuli include thermo-, magnetic-, ultrasound-, light-, chemically- and electric-triggered liposomes (13). Physiological signals present at the tumor microenvironment, such as the presence of acidic pH, redox potential (glutathione, GSH), enzymes, hypoxia, and adenosine-50- triphosphate (ATP) have been explored as endogenous trigger stimuli (14). Compared to endogenous triggers, exogenous triggers have the advantage of being much more controllable. It is not only possible to better control when the treatment occurs and its duration but additionally there are less inter-patient variations as for the endogenous signals (14). To date the only formulation planned according to this concept to reach clinical trials is Thermodox®, thermo-sensitive liposomes currently in phase III trial (15). The different liposomal trigger strategies will be further discussed herein. It is beyond the scope of this review to make an exhaustive list of the formulations developed to date. On the contrary, we aim to give key examples of formulations built upon each of these strategies, providing an overview of the state of the art on possible liposomal compositions and trigger mechanisms.



Triggered Drug Release by Exogenous Stimuli


Thermo-Triggered Liposomes


Thermal Therapy and Thermo Sensitive Liposomes

The earliest historical evidence of the use of thermal therapy (or hyperthermia) as cancer treatment was recorded by the Egyptian Edwin Smith Surgical Papyrus in 3000 B.C (16). The role of thermal therapy on cancer management is based on the higher sensitivity of cancer cells to temperature oscillations when compared to normal cells (17–19). Different heating modalities such as radiofrequency (RF), ultrasound transducers, laser and microwave based methods have been exploited to deliver local hyperthermia treatment to deeply seated tumors (16). High temperatures not only cause direct injury to cancer cells but also sensitize them to other treatment modalities, such as chemotherapy and radiotherapy (18). Concerning the combination with chemotherapy, the strategy is further improved when the drugs are encapsulated in nanosystems, as mild hyperthermia (39–42°C for ~ 60 min) can induce several effects on tissues. These effects include increased blood flow, improved perfusion, enhanced oxygenation and increased permeability, which enhances EPR effect, favoring the extravasation of the nanosystems into the tumor. Additionally, mild hyperthermia can be the trigger for a site specific release of the drug from thermosensitive nanosystems (16, 20). Different nanosystems such as polymeric micelles, hydrogels and dendrimers have been described as thermosensitive, however, liposomes are the most successful example of this concept to date (21). A thermosensitive liposome (TSL) formulation, ThermoDox®, reached Phase III clinical trials (15). For TSL to be effective, two main requirements must be fulfilled: minimum leakage of the encapsulated drug under physiological temperature (37°C), and release of the encapsulated drug under mild hyperthermia (22). Knowing that drugs are released from TSL at the melting phase transition temperature (Tm) of the lipid bilayer, these requirements can be fulfilled by taking advantage of the physical properties of liposomal membranes. At Tm, the structure of the lipid bilayer changes, as a transfer from a solid gel phase (Lβ) to a liquid-crystalline phase occurs (Lα). This results in an increased permeability of the lipid bilayer to its aqueous contents via passive transfer through the disordered membrane phase boundaries. Thus, TSL have been designed with transition temperatures around 40–42°C, so that the leakage is minimized at body temperature but content is rapidly released when liposome passes through a tumor heated to a temperature around Tm (20, 23).



The First Steps on Thermo Sensitive Liposomes Development

In 1978, Yatvin et al. described the first TSL, composed of dipalmitoyl phosphatidylcholine (DPPC, Tm= 41°C) and distearoyl phosphatidylcholine (DSPC, Tm = 54°C) at a 3:1 molar ratio. They demonstrated that the ratio of release of the contents from these liposomes at 44°C to that at 37°C could be made greater than 100:1 in the presence of fetal bovine serum. That drew attention for the possible applications of these systems for cancer treatment (24). On the next year, Weinstein et al. (25) published the results showing that a formulation composed of DPPC : DSPC (7:3 weight ratio) encapsulating methotrexate delivered more than four times as much the drug to murine tumors heated to 42°C compared to unheated control tumors. This formulation however, was largely cleared from circulation in 1 h (25). Since then, various modified compositions were proposed for TSL, aiming to increase stability at body temperature (reducing leakage) and enhancing the blood circulation time. Gaber et al. (26) evaluated a series of liposomes composed of DPPC, hydrogenated soybean phosphatidylcholine (HSPC, Tm=52°C), cholesterol (CHOL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) aiming on optimizing the thermo-sensitivity and circulation time of TSL, as illustrated in Figure 2. They reported that the presence of CHOL is important to stabilize liposomes containing DSPE-PEG2000 on human plasma, however if CHOL concentrations are above 30% the phase transition is avoided and thermo-sensitivity is lost (26). They defined the optimal formulation as DPPC : HSPC : CHOL : DSPE-PEG2000 (50:25:15:3 molar ratio), which was then used to encapsulate DXR and tested in vivo on a model of mammary adenocarcinoma in rat skin. At the skin temperature (34°C) a negligible release was observed, and it increased 38 and 76-fold when skin temperature was raised to 42 and 45°C, respectively, for 1 h (26).




Figure 2 | Schematic representation of a classic thermo-sensitive liposome. DPPC has a Tm= 41°C therefore it is in solid phase at 37°C and bilayer permeability is low (1). Increasing temperature above Tm leads to high bilayer permeability and drug leakage as DPPC is in liquid phase (2). The insertion of a lipid with higher Tm on the bilayer e.g. HSPC, Tm=52°C, allows the modulation of transition temperature of the membrane (3).





Lysolipid-Containing Thermo Sensitive Liposomes

In 2000, Needham et al. reported the results for a lysolipid-containing TSL, which is considered the major breakthrough on the field to date. The obtained liposomes were composed of DPPC:1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (MPPC):DSPE-PEG2000 (90:10:4 molar ratio) (11). The presence of a few mol% of the MPPC lysolipid in the bilayer leads to a dramatically enhanced grain boundary permeabilization, possibly due to the formation of nanopores in these regions, as illustrated in Figure 3 (27). That allows for a rapid release of liposome contents in response to a heat stimulus within the mild, clinically-achievable hyperthermia range of 40–42°C. These liposomes were used to encapsulate DXR, and released 45% of its contents in 20 s when exposed to 42°C. As means of comparison, they prepared a formulation composed of DPPC : HSPC : CHOL : DSPE-PEG2000 (50:25:15:3 molar ratio) as described previously by Gaber et al. and as expected this formulation took 30 min to release 40% of its content at 42°C. They also prepared a non-thermo-sensitive liposomal formulation composed of HSPC : CHOL : DSPE-PEG2000 (75:50:3 molar ratio), which did not release any drug upon heating to 42°C. When tested for its antitumor efficacy in a human squamous cell (FaDu) carcinoma xenograft, the lysolipid-containing TSL (100% of animals presented tumor local control (LC) defined as no tumor present at 60 days after treatment). It was significantly more effective than non-thermo-sensitive liposomal formulation (0% LC) or the formulation described by Gaber et al. (10% LC), thus showing the importance of enhanced drug release for achieving the best antitumor efficacy (11). Other preclinical studies using different mice models and a Phase I trial with dogs presenting spontaneous tumors were performed confirming the potential of the formulation (28, 29). The encouraging tumor responses supported clinical evaluation of this formulation. For that, it was slightly modified to DPPC: 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine (MSPC):DSPE-PEG2000 (86:10:4 molar ratio) and so called ThermoDox®.




Figure 3 | Schematic representation of a lysolipid containing thermo-sensitive liposomal bilayer. One hypothesis for lysolipid triggering mechanism is based on its tendency to form micelles, which leads to nanopores in grain boundary regions.



To date, ThermoDox® has predominantly been used clinically in conjunction with radiofrequency ablation (RFA). The idea consists on achieving tumor core ablation with RFA as DXR is intended to improve therapy of the tumor borders (30). A phase I study revealed that ThermoDox® could be safely administered systemically at its maximum tolerated dose (MTD) (50 mg/m2) in combination with RFA, with limited and manageable toxicity (31). The combination treatment moved directly into a Phase III evaluation (HEAT trial) which included 701 patients with hepatocellular carcinoma (HCC) in 79 clinical sites in 11 countries. In 2013 it was announced that this study did not meet its primary endpoint of a 33% improvement in progression-free survival (PFS) compared to RFA alone. A post-hoc subgroup analysis however, demonstrated a 53% risk improvement in overall survival (OS) in the subset of patients that received optimized RFA treatment for 45 min or more combined with ThermoDox®, compared to RFA alone (15, 30). Another phase III clinical study of ThermoDox®, so called “OPTIMA trial”, was initiated standardizing the RFA to 45 min or more for patients with HCC. It was initiated in June 2014 and is estimated to enroll about 550 patients. The primary endpoint is OS with PFS as a secondary endpoint. The “TARDOX trial” is a phase I clinical trial aiming on evaluating the feasibility of the combination of ThermoDox® with focused ultrasound (FUS) for treatment of patients with liver tumors. Unlike RFA, FUS is a non-invasive clinical treatment modality. ThermoDox® is also been evaluated for the treatment of other solid tumors. In the “DIGNITY trial”, ThermoDox® is being investigated for the treatment of chest wall cancer under superficial hyperthermia (30). There are also Phase I studies to evaluate its combination with local hyperthermia for patients with breast cancer and with high-intensity focused ultrasound guided by magnetic resonance for pediatric refractory solid tumors (32, 33).

As promising components of TSL, other lysolipids continue to be investigated. Lyu et al. (35) described liposomes containing the lysolipid 1-stearoyl-2-hydroxy-sn-glycerol-3-phosphocholine (1-StePc) for delivering Marimastat (MATT), a matrix metalloproteinases (MMPs) inhibitor, to the tumor microenvironment. For evaluating the in vitro drug release abilities, liposomes composed of DPPC:1-StePc : DSPE-PEG2000 (86:10:4 weight ratio) encapsulating (6)-carboxyfluorescein (CF) were analyzed for its release profile. After 90 min, fluorescence intensity for liposomes kept at 43°C was around nine times higher when compared to that observed for liposomes kept at 39°C. When tested in vivo for its antitumor activity, animals receiving the MATT-TSL with applied hyperthermia showed 15-fold tumor growth, contrasting with the observed 35-fold growth for animals on control group receiving saline. Regarding the metastatic foci, animals receiving the MATT-TSL plus hyperthermia presented a 7-fold decrease in metastatic lung foci compared to animals on control group. Unfortunately authors did not include groups treated with MATT-TSL only, without hyperthermia, or a treatment with non-TSL liposomes encapsulating MATT for means of comparison (34).



Other Strategies for Thermo Sensitive Liposomes Development

Other strategies for improving TSL have been described. One of these strategies is the use of 1,2-dipalmitoyl-sn-glycero-phosphodiglycerol (DPPG2, Tm = 39.7°C). This phospholipid allows for an increase in the circulation half-life of vesicles with the advantage that it can be used in concentrations up to 70% mol, against around 10% of PEGylated lipids, which act like surfactants in high concentrations (35). A simplified TSL was developed by Tagami et al. (36). This formulation is composed of DPPC : Brij78 (96:4 molar ratio). Brij78 is a non-ionic surfactant consisting of a PEGylated acylchain and was evaluated as a substitute for the MSPC lysolipid. They reported a 1.4-fold increase in drug delivery to the locally heated tumor (~43°C) and enhanced tumor regression for the new liposomes compared to ThermoDox® (36).

Another strategy is the conjugation of elastin-like polypeptides (ELPs; either in N-terminus or in lysine residues) to liposomes containing N- hydroxysuccinimide (NHS) groups in their bilayer. ELPs are thermo-responsive protein-based biopolymers based on the amino acid sequence of elastin. They are thermo sensitive going an inverse temperature transition (ITT) in response to temperature change, which means they are soluble in aqueous solution at temperatures below their ITT, but above their ITT they are insoluble and aggregate (37).

Choi et al. (38) obtained liposomes composed of HSPC : CHOL : DSPE-PEG-NHS (75: 50: 3 molar ratio) and conjugated different ELPs to the liposome surface. Single conjugated ELP liposomes were obtained by using ELPs with only one amino group at each N-terminus and multiple conjugated ELP liposomes were obtained when ELPs containing internal lysine residues were used. They could show that above the transition temperature of the ELPs, they aggregate and distort the liposome membrane resulting in a crack followed by drug release. The extension and speed of drug release was shown to be closely dependent on the conjugation manner and also on the length of the ELP (38).




Magnetically Triggered Liposomes

The biomedical applications of magnetic fields involve both diagnostic and therapeutic applications. Magnetic resonance imaging (MRI) is widely used on cancer management, as it plays a pivotal role in diagnosis, staging and monitoring treatment efficacy for certain tumors (39). Paramagnetic and superparamagnetic nanoparticles enhance MRI specificity and can be obtained from different materials, such as metals (gold, silver, and cobalt) or metal oxides (Fe3O4, TiO2, and SiO2). By now, iron oxides have been the most widely used in the clinics (40). Magnetic nanosystems are also widely investigated for tumor targeting and hyperthermal therapy. The first consists on applying an external magnetic field to surface tumors, what should attract and maintain magnetic nanoparticles (MN) into this area. Hyperthermal therapy consists on the exposure of MN to an alternating magnetic field, allowing for a local temperature rise and tumor cell kill (41–44). The magnetic-trigger of nanosystems is another promising strategy. Among the different available options for external stimulus, magnetism is considered as one of the best, as almost no physical interaction with the body occurs when comparing to light irradiation, ultrasound or electrical fields as stimuli (45).

Different nanosystems having a magnetic material on their composition have shown to be triggered by applying an alternating magnetic field, such as polymeric nanosystems, nanoparticles, micelles and liposomes (46–57). Most of the times, the strategy consists on combining thermo to magnetically trigger. Once magnetic components are added to thermoresponsive carriers, they can generate heat in response to a high-frequency (in the range of hundreds of kilohertz or higher) alternating current magnetic field (ACMF). Once this generated heat raises the temperature of the liposome’s membrane around the Tm, its permeability is greatly enhanced and the cargo can thus be release (54). This strategy is superior to those for thermo-trigger alone as ACMF penetrates deep into the tissue, so that it reaches the magnetic nanosystems to generate a localized heat without damaging normal hypodermal tissues (48, 50). Another possibility is still the mechanical deformation of a nanocarrier when submitted to a low-frequency ACMF. This acts as the immediate cause of drug release and is of practical importance for cases on which hyperthermia might be detrimental (13, 56).

Nanosystems containing iron oxides, particularly magnetite (Fe3O4), maghemite (γ-Fe2O3) and ferrites (mixed oxides of iron and other transition metals) are the most promising because of their low toxicity and easy clearance, heat generation ability and chemical stability (13, 50). Different coatings of iron oxides allow the MN to present different water solubilities. Liposomes herein presented were all obtained by thin-film hydration method. On different formulations, hydrophobic iron oxide MN were added directly to the lipids during film formation (54, 57) and hydrophilic iron oxide MN were added during the film hydration (52, 53, 55, 56). Theoretical studies suggest a threshold maximum nanoparticle diameter of 6.5 nm for incorporation of neutral nanoparticles into lipid bilayer (54).The MN used on different formulations herein presented had mean diameter ranging from 3 to 10 nm.


Magnetic Trigger Using Thermosensitive Liposomal Bilayers

Different in vitro release studies have demonstrated that the submission of liposomes encapsulating a MN to ACMF allows an augmented content release. Tai et al. (52) developed a formulation composed of DPPC : CHOL (5:1 weight ratio) encapsulating dextran-coated iron oxide nanoparticles (3–5 nm) and a fluorescent tracing molecule, CF. This formulation was able to release the whole CF content in around 3 min when exposed to ACMF, while liposomes without the MN led to no significant CF release under the same conditions (52). Amstad et al. (54) obtained liposomes composed of DSPC : DSPE-PEG2000 (10:0.5 molar ratio) encapsulating palmityl-nitro DOPA-stabilized iron oxide MN (5-10 nM) and the self-quenching dye calcein. An increase in fluorescence directly translates into release of calcein, and the fluorescence of liposomes lacking MN did not change upon ACMF treatment, while an increase of around 270% on the fluorescence of liposomes containing the MN in their membrane when submitted to an ACMF was observed. In this study, they evaluated the liposomes after exposure to ACMF, observing that it did not affect the hydrodynamic diameter of the vesicles loaded with MN. Also, no precipitation of MN was observed after ACMF treatment, demonstrating that the liposomes remained intact and at constant size during this treatment. It was possible to conclude that the calcein release was due to a change in membrane permeability and not their rupture or fusion, what allows for the content to be repeatedly and nondestructively released (54). Hardiansyah et al. (56) obtained liposomes composed of HSPC : DSPE : CHOL (12.5:1:8.25 mole ratios) encapsulating citric acid-coated iron oxide MN (10 nm) and doxorubicin (DXR). Liposomes encapsulating both MN and DXR presented 80% DXR release in the end of 10 min when exposed to ACMF against around 50% for non-magnetic liposomes (55). Hardiansyah et al. (57) obtained liposomes composed of DPPC : CHOL : DSPE-PEG2000 (80:20:5 molar ratio). Cumulative curcumin release during 30 min from liposomes submitted to ACMF treatment was 15 and 2.7-fold higher than that observed for liposomes incubated at 37 and 45°C, respectively, without ACMF treatment (57).

Pradhan et al. (53) designed liposomes that are both magneto-thermosensitive and actively targeted to folate receptors. These liposomes were composed of DPPC : CHOL : DSPE-PEG2000:DSPE-PEG2000-Folate (80:20:4.5:0.5 molar ratio) encapsulating DXR and MN (FluidMag-HS, 10 nM). The thermosensitivity on DXR release at 43°C was demonstrated as 53% of DXR content was released at this temperature against 17% at 37°C. When exposed to a permanent magnetic field in vitro aiming to physically target cell lines expressing folate receptor (KB and Hela cell lines), higher uptake was observed for the formulation compared to commercially available liposomal DXR, non-magnetic folate-targeted liposomes and free DXR, which resulted in superior cytotoxicity. Magnetic hyperthermia at 42.5°C and 43.5°C further increased the cytotoxicity of the obtained liposomes, which was attributed to the superior release of DXR triggered by heat generated by the MN (53).



Magnetic Trigger Using Non-Thermosensitive Liposomal Bilayers

Avoiding hyperthermia generation has potential application for some cancers where temperature changes are detrimental, such as brain cancers. Based on this fact, Guo et al. (56) designed a magnetic formulation that is not thermosensitive, and that does not imply any increase of temperature. These liposomes were composed of phosphatidyl-choline (PC):CHOL:amphiphilic carboxymethyl dextran (CMD) (55:40:0.5 molar ratio) encapsulating iron oxide MN and DXR. Exposure of these liposomes to a low-frequency ACFM at pH 5.0 allowed for 74% of DXR release while in 24h incubation only 35% release was observed for liposomes that were not submitted to ACFM. When influence of ACFM on liposomal structure was investigated, it was observed that they became much larger after the exposure to ACFM. Thus, the initial drug release from the liposomes under ACFM was attributed to the drug leakage resulting from the liposomal structure deformation (56).




Ultrasound-Triggered Liposomes

Ultrasounds (US) are mechanical longitudinal waves with a periodic vibration in frequencies superior to human audible range (20 kHz) that propagate due to pressure changes in the medium (58, 59). This technology is already widely used in the medical field for diagnosis and therapeutic purposes due to non-invasiveness, safety and cost effectiveness.

However, some disadvantages can be pointed out, such as cavitation skin burns due to the presence of air between the transducer and the body surface. This also limits the treatment of extensive superficial regions, such as breast cancer, and regions where air is inherently present, such as lungs and intestines. The presence of obstacles such as bones in the proximity of the organ under treatment also complicates access to the region. Yet another challenge is to focus on organs that have movement (59, 60).

US can be used to trigger liposomes. Different mechanisms might explain the trigger by US, such as cavitation, acoustic streaming and hyperthermia, and most probably they are not independent (61).

In acoustic cavitation, there is the interaction of acoustic waves with gas bubbles. On stable cavitation, bubbles oscillate around an equilibrium radius causing fluids to flow around the bubbles. As acoustic pressure increases, the process known as inertial cavitation takes place, in which the gas bubbles undergo rapid growth and violent collapse upon US exposure. This creates high pressures and increases the local temperature, inducing thermal dissociation of water and, therefore, the formation of reactive oxygen species (ROS). Acoustic streaming such as microstreaming is another effect of cavitation that can induce shear stresses that can destabilize liposomes and permeabilize cell membranes (58, 60, 61).

The hyperthermia caused by US is associated to the absorption of the ultrasonic waves by the tissue, creating mechanical compression and decompression. Some of this mechanical energy is lost due to friction effects and converted into heat. The composition of the lipid bilayer of the liposomes is known to play a role on their US sensitivity, increasing their content release. Liposomes with thermo-sensitive composition, as previously described, facilitate the release of drugs by US induced hyperthermia. The presence of PEG also contributes to this function since it absorbs the energy of the ultrasound by concentrating it on the surface of the vesicle (60).

TSL composed of DPPC: MPPC: DSPE-PEG2000: DSPE-PEG2000-iRGD (86:10:2:2 molar ratio) encapsulating DXR (iRGD-LTSL-DXR) were obtained by Deng et al. (62). iRGD peptide, like conventional RGD peptides, target tumors by binding to αv integrins selectively overexpressed on the tumor angiogenic endothelial cells as well as tumor cells. When iRGD-LTSL-DXR was administered to mice bearing 4T1 breast cancer tumors, to explore the anti-tumor effects in combination with high intensity focused ultrasound (HIFU) they observed delayed tumor growth after a single-dose treatment (at a DXR equivalent of 5 mg/kg). The inhibition of iRGD-LTSL-DXR + HIFU were 65.2 ± 6.1% (p < 0.001), while without HIFU, the tumor inhibition rate of iRGD-LTSL-DXR was only 33.1 ± 7.6% (62).

Vanosdol et al. (63) prepared TSL composed of DPPC: MSPC : DSPE-mPEG2000 (85.3: 9.7: 5.0 molar ratio) encapsulating DXR. In order to take advantage of cavitation, they also prepared this formulation with incorporated perfluoropentane gas (PFP5). In vivo biodistribution studies showed that when tumors were submitted to high intensity focused ultrasound (HIFU) reaching 42°C, DXR accumulation was higher compared to that observed for tumors at body temperature (37°C). For the non-PFP5 formulation, ~0.9 μg DXR/gram of tissue was observed for non-HIFU treated tumors while ~3.8 μg DXR/gram of tissue was observed for HIFU treated tumors. For the formulation encapsulating PFP, ~2.1 μg DXR/gram of tissue was observed for non-HIFU treated tumors while ~5.1 μg DXR/gram of tissue was observed for HIFU treated tumors. This approximate 1.4-fold greater drug delivery observed for the PFP5 containing formulation at 42°C indicated that the additive response of cavitation to HIFU treatment (63).

For mitochondria targeted sonodynamic therapy (SDT), using ultrasound and a sonosensitizing chemical substance, Chen et al. (64) developed a liposomal formulation composed of soy lecithin:CHOL : CHOL-anchored 3-carboxypropyl triphenylphosphine bromide (3:0.7:0.3 weight ratio). This formulation was used to encapsulate the sonosensitizer hematoporphyrin monomethyl ether (HMME) (64). The presence of CHOL-anchored 3-carboxypropyl triphenylphosphine bromide (CHOL-TPP) allows for mitochondria targeting. Because of their role in regulating key cellular functions, mitochondrial targeting compounds represent a promising approach to eradicate cancer cells that are refractory to chemotherapy. The release of HMME from liposomes could be triggered by ultrasound due to the oxidation of the lipid in liposomes. After incubation with cancer cells, the TPP modified liposomes (Lipo-TPP) could accumulate in the mitochondria and assist the HMME to achieve greater cancer cell inhibition effect in SDT. In vitro cytotoxicity studies of liposomes containing the sonosensitizer HMME and the mitochondrial target TPP followed by ultrasound for 3 min (HMME-Lipo-TPP + SDT) against MCF-7 cells was evaluated. This study indicated that the cell viability for the HMME-Lipo-TPP + SDT treatment was approximately 35%. On the other hand, cell viability around 75% was observed for cells treated with liposomes containing only TPP (Lipo-TPP + SDT), showing that there was a significant increase in cytotoxicity when using the sonosensitizer associated with ultrasound (64).

In 2016, Ninomiya et al. obtained liposomes composed of 1,2-dimyristoyl-sn-glycero-3-phosphatidic acid (DMPA), DPPC and CHOL (1:4:5 molar ratio). These liposomes were modified with avidin, which has an affinity for cancer cells and the envelope of the hemagglutinating virus of Japan (HVJ), which promotes the fusion of liposomes to cells and then used to encapsulate perfluoropentane nanoemulsion PFC5. The PFC5 liquid has a low boiling, and the nanoemulsion droplets are converted into much larger gas bubbles by ultrasonic induced droplet aporization (ADV). These bubbles elongate and disrupture the liposome membrane, allowing for the encapsulated drug to be released. The increased US-mediated disruption of liposomes encapsulating PFC5 was confirmed on an assay evaluating the optical density at a wavelength of 600 nm (OD600). After US irradiation, liposomes without PFC5 presented a relative OD600 value of 92.7% of that without US irradiation, indicating no significant disruption of the liposomes by US. On the other hand, for PFC5-loaded liposomes, the turbidity of the suspension decreased after US irradiation with a relative OD600 of only 9.5% of that without US irradiation. To investigate cancer cell injuries mediated by this formulation, MCF-7 cells (human breast cancer) were treated and either submitted to US irradiation or not. Cell viability was then determined. Cells receiving the formulation followed by US irradiation had their viability reduced to 43%, whereas cells receiving treatment with the formulation in the absence of US showed cell viability equal to 80%. Cell viability of those which received US-irradiation alone was about 80%, confirming that the US potentializes the formulation (65).



Light-Triggered Liposomes

The use of light stimuli to trigger the controlled release of drugs from liposomes has been studied as the wavelength, energy intensity and time of exposure and beam diameter are adjustable with high precision, which may aid in individual pharmacotherapy (64, 66, 67). Photodynamic therapy is based on the local or systemic application of a photosensitive compound - the photosensitizer, which is accumulated in pathological tissues. Photosensitizing molecules absorb light from the appropriate wavelength, initiating activation processes leading to the selective destruction of inappropriate cells. Photo cytotoxic reactions occur only within the pathological tissues, in the area of distribution of the photosensitizer, allowing the selective destruction (68) Photosensitizing agents, when added to liposomes, can generate ROS, like singlet oxygen, upon excitation by light at specific wavelengths. This singlet oxygen consequently induces oxidative stress, rupture of the membranes and formation of pores allowing the contents of the vesicle to escape (69–71)

Based on photodynamic therapy Luo et al. (72) developed liposomes composed of DSPC: Dioleoylphosphatidylcholine (DOPC): CHOL: Porphyrin-phospholipid (PoP) containing encapsulated DXR. The presence of the unsaturated lipid DOPC accelerates the DXR release by oxidation mechanisms of this lipid. The inclusion of the photosensitizer POP would enhance this release. Thus, the team evaluated different concentrations of DOPC, between 0 and 10 moles, and also POP. It has been proven by mass spectrometry that DOPC accelerates the release of DXR and that in the presence of an oxygen scavenger or an antioxidant, the release of the drug is inhibited, suggesting the mechanism of release by oxidation. The inclusion of increasing amounts of DOPC accelerated and increased DXR release. At 5 mole% DOPC and 0.3 mole% POP, a 50% DXR release was observed in 43 s. Higher amounts of DOPC led to destabilization of the vesicles in the absence of light. Therefore, the final formulation of work developed was composed of DSPC: DOPC: CHOL: PoP, in the 54.7: 5: 40: 0.3 molar ratios respectively (72).

In another moment, Luo et al. (73), encapsulated DXR in a similar liposomal formulation composed of DSPC: CHOL: DSPE -PEG: PoP, (53:40:5:2 molar ratio). This time, DSPE-PEG was used to obtain stealth liposomes to treat human pancreatic adenocarcinoma. In vivo drug release was triggered by the oxidation of DOPC and CHOL after exposure to 665 nm NIR. Tumor uptake of DXR was assessed and shown to be 7-fold higher for tumors of animals receiving PoP-DXR followed by laser exposure when compared to treated animals without laser exposure. An inhibition of tumor growth in vivo demonstrated excellent chemotherapy efficacy. Treatment with PoP-DXR (DXR=7mg/Kg) led to regression of tumor volume to values below 20 mm3 after 2 weeks of treatment. In animals treated with liposomes without PoP, therefore not light triggered, tumors evolved up to 500 mm3. Animals treated with PoP-DXR survived until the end of the study, 60 days, while animals receiving the same treatment but without laser stimulation died after 40 days of treatment due to disease progression (73).

Following the same principle, in a study by Fuse et al. (74) liposomes co-encapsulating the photosensitizer talaporfin sodium (TPS) and the drug gemcitabine (GEM) were evaluated for their cytotoxic activity against EMT6/P breast cancer cells. Liposomes were composed of DSPC: DOPE: CHOL: DSPE-PEG2000 (85:10:5:5 molar ratio). Cells receiving NIR laser irradiation after incubation with the formulation had cell viability lower than 5%, In contrast, around 90% cell viability was observed for cells exposed to the formulation only, without NIR laser irradiation (74).

Also based on photodynamic therapy, Li et al. (75) developed NIR sensitive liposomes for breast cancer treatment. A phospholipid material of special structure 1- (1z-octadecenyl) -2-oleoyl-sn-glycero-3-phosphocholine (PLsPC) and a hydrophobically modified fotosensibilizer Indocyanine green and octadecylamine (ICG-ODA) were employed for liposome light-sensitivity (LSL). The other used lipids were CHOL and DSPE-PEG2000. DXR was encapsulated in the liposome which surface was subsequently conjugated with Her2 antibodies and obtained the unique nanosystem Her2-I & D-LSL. The encapsulation efficiency and stability were closely related to the ratio of S100 and PLsPC and the proportion of ICG-ODA. The formulation S100: CHOL = 5:1, S100∶PLsPC = 4:1 or 2:1 and ICG-ODA: total lipid = 1:10, with a high EE % and low DXR leakage was chose to proceed the study. In vitro cytotoxicity of this formulation followed by NIR laser irradiation was evaluated against MCF-7 (human breast cancer) cell line. After treatment with Her2-I & D-LSL combined to laser, there was almost 100% cell death, against over 60% of death for cells treated with Her2-I & D-LSL without laser irradiation. The same was evaluated for a non- HER2 targeted formulation. Cytotoxicity was approximately 65% for cells that received this treatment followed by laser versus only 40% for cells that received the treatment in the absence of the NIR (75).

In vivo antitumor was evaluated in mice bearing MCF-7 tumors. A significant difference in the volume and weight of tumors of animals exposed to both Her2-I & D-LSL and laser compared to those treated with the formulation only was observed. After 30 days of Her2-I & D-LSL plus laser treatment, tumors had a weight of approximately 25 mg while tumors of animals treated in the absence of the NIR had an approximate weight of 150 mg. For animals with SKOV-3 cell tumors a similar pattern was observed. After treatment with Her2-I & D-LSL plus laser, the tumor showed almost total regression whereas the treatment without NIR allowed the tumor to reach a weight close to 0.4 g (75).

Making use of photosensitizers to generate ROS under irradiation, Zhang et al. (76) developed a formulation for the treatment of cancer of breast. In liposomes composed of Lecithin, CHOL, DSPE-PEG2000 and PEG-NI (ethyl 6- (2-nitroimidazolyl) hexanoate coupled to PEG and chlorine e6 (Ce6) photostabilizer (6:4:0.5:0.5:0.5 molar ratio). The prodrug Tirapazamine (TPZ) and the miRNA-155 gene probe were incorporated into the liposomes. After irradiation with 670 nm laser on Ce6, the oxygen consumption for ROS generation occurs. Oxygen consumption leads to local hypoxia resulting in the reduction of prodrug TPZ to the active drug. ROS can lead cancer cells to death as well as local hypoxia, which act synergistically with TPZ chemotherapy. Finally, the miRNA-155 sonnet co-delivered with the drug could detect an oncogenic intracellular marker for diagnosis. Ce6 is added to the lipid bilayer, the incidence of the laser on it leads to destabilization of the vesicles and release of its components. This formulation was named Lip-Ce6-TPZ. The release study of TPZ was performed for the Lip-Ce6-TPZ formulation. The formulation received laser irradiation for 10 min. After 6 h, a release of 82.3% of the drug was observed. In contrast, only 29.7% of TPZ was released from the non-irradiated formulation, confirming that the laser leads to the destruction of the vesicle and therefore greater release of the drug. In vitro, the formation of ROS and hypoxia areas in MCF-7 cells, was 3-fold higher for treatment with Lip-Ce6-TPZ + laser compared to treatment without irradiation. In vivo, the relative tumor volume (RTV) in MCF-7 cell tumor bearing mice treated with Lip-Ce6-TPZ + laser was close to zero, a value seven times lower than that found for Lip-Ce6-TPZ treatment in absence of the laser (76).

In a study by Yang et al. (68) a liposome composed of PC and CHOL (4:1 weight ratio), encapsulating TPZ and the IR780 photosensitizer was developed (Lip(IR780&TPZ)). When liposomes are exposed to 808 nm irradiation the liposomal membranes rupture releasing the drug. For all concentrations of drug tested against 4T1 cells in vitro, irradiated liposomes lead to significantly higher cell death compared to non-irradiated liposomes. Apoptosis differed between these treatments being 36.2% and 12%, respectively. On an in vivo study, after 15 days of treatment mice that received the formulation followed by laser irradiation had an extremely significant reduction of tumor weight (~1g) when compared to the group that did not receive laser (~4,5g) (68).


Photocrosslinking, Photoisomerization, Photocleavage, and Photothermal Release

On a smaller scale, other strategies too have been reported to promote the release of liposome contents by light among them photocrosslinking, photoisomerization, photocleavage, and photothermal release (70, 77, 78). These approaches will be discussed below. The photocrosslinking is established by the polymerization of the unsaturated bonds present in the hydrophobic region of the bilayer. At the time such polymerized domains are irradiated with light at specific wavelengths, a crosslinking reaction occurs between them. From this, the lipid bilayer of the liposomes shrinks the domain where the sensitizers are present leading to a conformational change. This change in the structure leads to the formation of pores promoting a greater membrane permeability and release of the contents (79).

Yavlovich et al. (80) showed that liposomes encapsulating DXR which have the photopolymerizable lipid 1,2-bis (tricosa-10,12-diynoyl) sn-glycer-3-phosphocholine (DC 8.9 PC) allow superior cell death in MCF-7 breast cancer cells when exposed to light treatment (514 nm laser), compared to the same treatment without exposure to light. Formulations composed of DPPC: DC 8.9 PC: DSPE-PEG2000 (86:10:04 molar ratio) encapsulating DXR had its membranes destabilized after laser irradiation. This destabilization was accompanied by the release of DXR and cytotoxicity-enhancement cell culture, leading to 90% cell inhibition, compared to only 40% found in the absence of the laser irradiation (80).

The photoisomerization process is based on the conformational change (for example trans to cis) in molecules having rotating constraints, such as double bonds. This modification leads to the rupture of the lipid bilayers and expulsion of their contents (81, 82). Liu et al. (83), synthesized CHOL derivatives containing portions of azobenzenes of different polarities. These modified molecules were combined to egg PC (EPC) in the preparation of light-triggered liposomes. These liposomes were irradiated with 360 nm UV light. The conversion of the modified lipid from trans to cis was around 90% in the liposomes composed of the derivative AB lipid 3 (Figure 4) (EPC : AB3, 1:1 molar ratio). The release behavior of these liposomes was investigated in a calcein release study. It has been known that azobenzene derivatives in CHCl3 solution undergo trans-to-cis isomerization by UV light irradiation and cis-to-trans isomerization by visible light irradiation. Periodical UV and visible light irradiation (UV, 10 min; Visible, 15 min; both every 4 h) was carried out. at 37° C. At the end of 40 h, 55% of the calcein was released, compared to only 25% released from the liposomes not exposed to light. In this experiment, it was also verified that UV light increases the release in greater proportion compared to visible light (83).




Figure 4 | A cholesterol derivative containing portions of azobenzene Synthesized by Liu et al. (83), this derivative was called AB lipid 3.



In photocleavage, the mechanism involves a photolabile group, for example 2-nitrobenzyl, which is inserted into the lipid bilayer. This group is cleaved after irradiation of visible/UV light. Such cleavage leads to destabilization of the vesicle membrane and release of the encapsulated contents. Amichal et al. (84) reported the synthesis of a new photocleavable phospholipid derived from phosphatidylcholine (PC), called NB-PC as shown in Figure 5 (84).




Figure 5 | A photocleavable phospholipid derived from phosphatidylcholine Synthesized by Amichal et al. (84), this derivative was called NB-PC.



For this, they modified the PC including a 2-nitrobenzyl group on the acyl chain at the sn-2 position. Liposomes with varying concentrations of NB-PC, phosphatidylethanolamine (PE), PEG-PE and CHOL were prepared. After irradiation of 350 nm, the release of Nile red was increased, proportionally to the increase of the modified lipid concentration. Inclusion of 10, 25, and 50% of NB-PC resulted in a gradual increase of 36, 48, and 62% in the emission of Nile red. These rates were all lower than liposomes composed exclusively of NB-PC (80%). Controls that did not receive irradiation had a minimal release. These data show that the release can be performed using a wide range of percentages of NB-PC in liposomes, and that the percentage can be used to adjust the release properties of the vesicles. It should also be noted that variations in the percentage of NB-PC had no effect on the release of non-irradiated liposomes. These liposomes ranged from 12 to 19% in, emission rate reduction, indicating that NB-PC incorporation does not destabilize the membrane peak, even for vesicles composed exclusively of the modified lipid, due to the similarity of NB-PC to natural PC (85).

Finally, the photothermic release consists on the conversion of light into heat in order to induce membrane permeability or rupture. The photothermal effect induces a phase transition in the bilayer, which makes it permeable increasing the release of loaded drugs. Some materials have been described for the purpose of triggering photothermal transduction, for example gold nanoparticles, carbon nanotubes and graphene-based nanosheets. After specific light irradiation, photothermal electron-rich agents can convert photon energy into vibrational energy, inducing the excitation of electrons followed by energy oscillation. Photothermal agents can transduce NIR light (wavelength between 700 and 1100 nm) to heat, triggering a local hyperthermia that can disrupt a carrier containing thermosensitive components (70, 71, 77).

Kautzka et al. (86), generated ROS in the tumor region, especially singlet oxygen using photosensitizers such as rose bengal (RB) in liposomes. For this purpose, they prepared liposomes encapsulating DXR composed of HSPC: phosphoethanolamine-N-hexanoylamine (PE-NH 2): gold nanoparticles (AuNPs) (57:5:17 molar ratio). The gold nanoparticles were added to explore the thermal property of light, due to their suitability for photothermal conversion (86). AuNPs absorb visible light and NIR and released energy as heat. The high temperatures reached by the AuNPs can induce a permeability of the lipid bilayer or its rupture, followed by the release of the charge (70). The formulation was tested in vitro against HCT116 human colorectal cancer cells, followed by light irradiation at 532 nm wavelength. With this study they concluded that the treatment with liposomes containing AuNPs+RB+DXR was more effective (40% cell death), than chemotherapy using the liposomes with RB+DXR (20% cell death) showing the contribution of the thermal property of light when used with photosensitizers (86).

Selection of adequate light sources determines the efficacy of light-stimulated therapies. Usually the preference is given to light with wavelengths near the infrared (NIR) range (700 nm to 2,500 nm), as they do not penetrate so deeply into the tissues (less than 1 cm) thus avoiding damage to DNA and cell proteins (87, 88). Therefore, NIR to induce drug release can be performed on diseases affecting surface tissues (88). However, the inability of light to penetrate biological tissues in vivo or the difficulty in matching the energy of photons from the light source is a barrier to the success of light-triggered liposomes (89). Another difficulty encountered in the pharmacotechnical development of these liposomes relates to the normally hydrophobic properties of the photosensitizers, which induces the formation of aggregates in water (87).




Electrically-Triggered Liposomes

Electricity has several advantages as trigger mechanism for drug release compared to other types of stimuli due to the precise control of drug release as the magnitude of current and duration of electric pulse can be adjusted. Additionally, no complex instrumentation is required (90, 91).

When exposed to an external electrical field, membrane permeability of lipidic vesicles such as cells and liposomes increases because of the formation of hydrophilic pores in the lipid bilayer, on a phenomenon called electroporation (EP). Nowadays, EP is used in many fields of biology, biotechnology, and medicine (92). EP can be a permanent or transient effect. If exposure is not too long and the electric field not too strong, the pores might reseal in seconds to minutes after exposure (92–94). Reversible EP can facilitate liposome accumulation on tumor site by affecting the vascular permeability, potentially enhancing EPR effect as recently demonstrated by Srimathveeravalli et al. (2018) (95). In the same way as it is possible to get molecules into cells, it is proposed that molecules should be able to be released from liposomes (93). Irreversible EP for example, is a strategy that consists on a form of non-thermal ablation on which very high electric fields are employed to permanently compromise cell membranes (96, 97). Reversible EP is already widely used in cell culture to control diffusion of external compounds into a cell.

A great challenge behind this strategy, however, is to obtain EP conditions that will be able to trigger release from the liposomes, without damaging permanently normal cells. Different theoretical works using molecular dynamics simulations demonstrated that both the size and composition of liposomes have a great impact on EP. The amplitude needed for liposome EP strongly depends on their size, presenting a proportional inverse relationship. It has also been demonstrated that liposomes with a higher internal conductivity and lower membrane permittivity compared to other similar-sized organelles could be favorably electroporated when the pulses are few nanoseconds long. Therefore, evaluating appropriate pulse parameters and rationally designing the liposomal formulations increases the possibility of selective EP of liposomes with respect to the cell itself or its organelles (92, 94).

Yi et al. (93) designed a study to test the hypothesis that doping liposomes with amphiphilic proteins, such as nisin, could reduce the electric field required to electroporate liposomes. They prepared liposomes composed of DOPC : CHOL (10:4 weight ratio) encapsulating nisin and a fluorescent dye, CF. When exposed to 3000 V the mean release percentage of CF from the liposomes without nisin was around 12%. Liposomes containing nisin however, released approximately 14% of its content when exposed to only 200V. This significant reduction of the electric field required to release the contents of liposomes highlights the feasibility of the strategy for drug release in vivo (93).



Chemically Triggered Liposomes

Chemical trigger is based on the idea of delivering an exogenous chemical to trigger a previous administered nanosystem. There are some advantages of this strategy in detriment of other external triggering methods: 1) chemical triggers are able to reach the nanosystem on any part of the body, dismissing the need of knowing the exact location of the tumor; 2) they are able to efficiently reach deep tissues and 3) no technological and expensive equipment are necessary. Many chemicals are known to disrupt the membrane bilayer; however, this strategy is still poor developed. That is probably due to the great challenge of finding a liposomal composition that is selectively destroyed by an exogenous chemical trigger which on the other hand has little affinity to the host cell membranes (98, 99).

Xiong et al. (12) demonstrated that chloroquine (CQ) triggers the release of daunorubicin (DAU) from liposomes composed of HSPC : CHOL:mPEG2000-DSPE:folate–PEG–CHEMS (55:40:4.5:0.5, molar ratio). As CQ was added to the formulation, it quickly loaded into liposomes expelling the DAU, possibly through a mechanism involving intraliposomal pH rising. An enhancement in cytotoxicity against L1210JF (murine lymphocytic leukemia) cell line was observed when CQ was added to DAU liposomes. The observed IC50 were 20.0 ± 1.8 µM without CQ and 11.2 ± 1.2 µM in the presence of 10 µM of CQ, a concentration supposed to be non-toxic. However, the in vitro gains did not translate to in vivo using a DBA/2 mice carrying L1210JF tumors (12).

Plaunt et al. (98) reported that a zinc(II)-dipicolylamine (ZnDPA) complex, shown in Figure 6 can act as a chemical trigger by associating selectively with anionic bilayer membranes (such as from liposomes containing phosphatidylserine, PS), inducing the leakage of water-soluble contents. Healthy mammalian cells present zwitterionic membranes, which are not targeted, insuring the selectivity of the trigger agent. They prepared liposomes composed of DPPC : CHOL : POPS (67:28:5 molar ratio) and showed that, in a CF leakage assay, it released 55% of its content in 120 s, when exposed to 10 µM of the ZnDPA complex. A negligible CF leakage (3%) was observed for zwitterionic liposomes mimicking healthy cells, composed DPPC: CHOL (67:28 molar ratio), under the same conditions. Knowing that PS-rich liposomes need an extensive steric protection to prevent its capture by the MPS, they also tested a formulation containing PEG. This formulation, composed of DPPC : CHOL : POPS : DPPE-PEG2000 (67:28:5:8 molar ratio), released 84% of its CF content in 120 s when exposed to the ZnDPA complex. This higher trigger for a sterically protected liposome could be explained by the fact that the DPPE-PEG2000 is also anionic, and could associate with the ZnDPA complex. Liposomes exposed to the ZnDPA complex showed no significant change in the hydrodynamic diameter, which was evidence against liposome fusion and against a lysis process. They proposed that association of cationic ZnDPA complex with the anionic POPS head group induces domain formation and perhaps phase separation. This creates line tension and mismatched membrane thickness at the domain interfaces, promoting drug leakage (98).




Figure 6 | Zinc(II)-dipicolylamine (ZnDPA) complexes of first (A) and second generation (B). Designed by Plaunt et al. (98), these complexes were used as triggering agents for anionic liposomes.



This initial release studies were performed in TES (N-Tris(Hydroxymethyl)Methyl-2-aminoethane sulfonic acid) buffer. When release was later evaluated by Plaunt et al. (99) in phosphate buffered saline, which is closer to a physiologically relevant media, the DPPE-PEG2000 containing formulation released only 34% of its content. That motivated the search for a next-generation chemical trigger that operates more effectively than the old one. They obtained the modified ZnDPA complex, shown in Figure 6B, and showed that DPPC : CHOL : POPS : DPPE-PEG2000 (67:28:5:8 molar ratio), released 71% of its CF content in 120 s when exposed to the modified ZnDPA complex in PBS. Formulation was used to encapsulate 5-Aminolevulinic acid (5-ALA) and evaluated for its release. In the absence of chemical trigger the liposomes remained intact, releasing <10% of the encapsulated 5-ALA and upon exposure to the chemical trigger, 80% release of the encapsulated 5-ALA was observed after 24 h (99).

On Table 1, we summarize the most important aspects of important liposomal formulations triggered by different exogenous stimuli developed to date.


Table 1 | Summary of important liposomal formulations triggered by different exogenous stimuli.






Triggered Drug Release by Endogenous Stimuli


PH-Triggered Systems

The pH of normal tissue and blood under physiologic conditions is around 7.4. However, the extracellular pH of malignant tumors is lower than normal tissue, with average pH values of 6.8. Intracellular compartments such as endosomes and lysosomes are the most acidic with pH values between 4.5–6.5. pH-sensitive liposomes have been developed as anticancer agent’s delivery systems mainly due to their ability to fuse with the endosomal membrane, releasing their content into the cytoplasm. This allows the accumulation of anticancer drugs in tumors as a specific release of the drug controlled by the tumor environment occurs. Besides that, the intracellular delivery of anticancer agents by pH-sensitive liposomes presents an efficient mean to overcome the multidrug resistance, one of the main causes of tumor recurrence (100–103).

The polymorphic lipid PE or its derivatives, such as dioleoylphosphatidylethanolamine (DOPE), are the most common used molecules to obtain pH-sensitive liposomes (101). At neutral or physiological pH, these molecules are not able to organize themselves in bilayers, inducing the inverted hexagonal phase (HII) organization, due to the small volume of the polar head compared to the hydrocarbon chain, favoring strong intermolecular interactions between amine and phosphate groups (101, 104). The insertion of an amphiphilic acid, such as cholesteryl hemisuccinate (CHEMS), at neutral pH, causes an electrostatic repulsion between phosphate and carboxylate groups, favoring the formation of lamellar phases (105). When exposed to the acid environment, such as endosomes, the carboxyl group of CHEMS is protonated causing an electrostatic repulsion which results in a transition from lamellar phase to HII and consequent release of the encapsulated drug, as represented in Figure 7 (101, 105).




Figure 7 | pH triggers phase changes in liposomes composed of dioleoylphosphatidylethanol-amine (DOPE) and cholesteryl hemisuccinate (CHEMS). When alone, DOPE molecules organize themselves in an inverted hexagonal phase due to their conic geometry. When combined with CHEMS at physiological pH, it is possible to obtain a bilayer (lamellar phase, 1). Once exposed to acidic pH, the protonation of carboxylate groups takes place leading to liposome destabilization (hexagonal phase II, 2), followed by the release of the encapsulated agents.



pH-sensitive liposomes incorporating estrone derivative conjugated to DSPE-PEG (ES-PEG-DSPE), were developed by Paliwal et al. (106) to targetly deliver DXR to estrogen receptors (ER)-bearing tumor cells. This liposome was composed of DOPE : HSPC : CHEMS : CHOL : ES-PEG-DSPE (ES-pH-SL). As control, a non-pH sensitive liposomes (ES-SL) was prepared with HSPC : CHOL : ES-PEG-DSPE. ES-pH-SL and ES-SL were prepared at various molar ratios with ES-PEG-DSPE at 5 mol % to phospholipids. The DXR encapsulation efficiency was similar for liposomes with different compositions (approximately 90%). To evaluate pH-sensibility, the release profile of DXR from liposomes was investigated at different pH values. The DXR release from ES-pH-SL within 2 h at pH 5.5 was 90%, compared to only 40% after 24 h at pH 7.4. However, the release of DXR from ES-SL was approximately same, at both pH, about 30% after 24 h. The ES-pH-SL at pH 5.5 exhibited a 6-fold increase in mean diameter, indicating vesicle aggregation and/or membrane fusion, but ES-SL did not show any difference in vesicle size at the same pH. In vivo biodistribution and antitumor efficacy were evaluated in female Balb/C mice with 7,12-dimethylbenz[a]anthracene (DMBA) induced breast tumor. After DXR administration at a dose of 5 mg/kg, the DXR concentration in tumor tissue was about 1.4-fold higher for ES-pH-SL compared to ES-SL. In addition, the DXR concentration of the ES-pH-SL in the heart was significantly lower than ES-SL or free DXR, an important result facing DXR cardiotoxicity. The tumor volume in the control group increased rapidly over 30 days (increase of 40%). The treatment of mice with ES-pH-SL significantly reduced the tumor volume (reduction of 80%) compared to those animals treated with ES-SL or free DXR (reductions of 60% and 20%, respectively), in relation to the tumor volume of the control group at the start of drug treatment (day 0) (106).

Silva et al. (107) prepared long-circulating pH-sensitive liposomes encapsulating DXR (SpHL-DXR) composed of DOPE : CHEMS : DSPE-PEG2000 (5.7:3.8:0.5 molar ratio). As control, non-pH-sensitive liposomes were prepared, composed of HSPC : CHOL : DSPE-PEG2000 (5.7:3.8:0.5 molar ratio) (nSpHL-DXR). In order to confirm the pH sensibility of the formulation and track liposome´s fate in vivo, blank liposomes were incubated with the radiolabeled complex [99mTc]-DXR as an imaging probe. The pH sensitivity for SpHL-[99mTc]-DXR was confirmed in a study of [99mTc]-DXR leakage at different pH, showing a higher release in acidic conditions (51.3%, pH=6.0) compared to neutral condition (13.5%, pH=7.4). This enhanced release at pH=6.0 was significantly higher compared to the release from nSpHL-[99mTc]-DXR in the same pH (30.8%). The biodistribution profile of SpHL-[99mTc]-DXR and nSpHL-[99mTc]-DXR were evaluated after intravenous injection in Balb/C female mice bearing 4T1 breast tumor. A higher uptake of SpHL-[99mTc]-DXR and nSpHL-[99mTc]-DXR by the tumor site was observed when compared to the contralateral muscle. Additionally, the tumor-to-muscle ratio observed for SpHL-[99mTc]-DXR was significantly higher (approximately 2-fold) than the observed for nSpHL-[99mTc]-DXR at 4 and 24 h, suggesting that the pH sensitivity contributed to higher uptakes of [99mTc]-DXR by the tumor (107).

In order to improve liposomal endocytosis, Silva et al. (108) modified the surface of the SpHL-DXR with folic acid, aiming on the overexpressed folate receptors (FR) on the surface of breast cancer cells. These folate-coated, long-circulating and DXR-loaded pH-sensitive liposomes (SpHL-DXR-Fol) were composed of DOPE, CHEMS, DSPE-PEG2000, and DSPE-PEG2000-Fol (5.8:3.7:0.45:0.05 molar ratio). The non-folate-coated SpHL-DXR were used as control. The pH-sensitivity of SpHL-DXR-Fol was determined by dialysis in HEPES-saline buffer. After 24 h incubation at pH 5.0, DXR leakage of 53.6% was observed for the SpHL-DXR-Fol, compared to only 21.5% leakage at pH 7.4. The antitumor activity was evaluated in vivo using a 4T1 breast cancer model. The results showed that SpHL-DXR-Fol treatment was the most effective, presenting a higher inhibition ratio (IR) of the RTV compared to SpHL-DXR and free DXR (68%, 56% and 37%, respectively) (108).

Another way to develop pH-sensitive liposomes is by insertion of a pH-responsive peptide that change their conformation in acid ambient, causing destabilization of the liposomes. Also, responsive polymers can be used to produce these pH sensitive systems (101, 109). Some polymers used in pH-sensitive liposomes destabilize the phospholipid bilayer, while others cause the fusion of the liposome with endosome/lysosome membranes (103).

Chiang et al. (110) developed liposomes composed of DPPC and a pH responsive polymer methoxy-poly(ethyleneglycol)-b-poly(N-2-hydroxypropyl methacrylamide-co-histidine)-cholesterol (mPEG-P(HPMA-g-His)-CHOL) linked by biotin-PEG-biotin (biotin2-PEG) (34:1:12,5 molar ratio). These liposomes were used to encapsulate DXR, and evaluated in colon rectal cancer. When exposed to acidic environment the imidazole ring of histidine in the polymer is protonated generating a repulsive force that destabilizes the liposome lipidic bilayer releasing the DXR. When tested in vitro, the DXR release from sensitive liposomes was 90% in pH 5.0 and 30% in pH 7.4. On the other hand, the conventional liposomes, composed by DPPC without polymer, released only 30% of DXR content in both pH. The IC50 values of polymer-biotin-sensitive liposome for HCT116 colon rectal cancer cells at pH 7.4 was 19.3 µg/ml, which was similar to free DXR and non-sensitive liposome. When evaluated for the antitumor efficacy in mice bearing HCT116 the inhibition of tumor growth in mice receiving pH sensitive liposomes was near to 90%, while that for non-responsive formulation was only near to 70% (110).

In a study by Zhao et al. (111) DXR was encapsulated in liposomes composed of DOPE: CHEMS: DSPE-PEG: DSPE-PEG-H7K(R2)2 (65:30:4:1 molar ratio). The tumor-specific pH-responsive peptide H7K(R2)2 (the sequence is RRK(HHHHHHH)RR) contains the cell-penetrating oligoarginine (R2)2 and the pH trigger oligohistidine H7. As control liposomes DXR-PSL and DXR-SSL were prepared with DOPE : CHEMS : DSPE-PEG and EPC : CHOL : DSPE-PEG (65:30:5 molar ratio), respectively. The release of DXR from DXR-SSL, DXR-PSL and DXR-PSL- H7K(R2)2 were evaluated in pH 5.5, 6.0, 6.5, and 7.4 for 24 h. To SSL after 24 h the content of DXR released was near to 20% in the four different pH evaluated. The release profiles of DXR-PSL and DXR-PSL- H7K(R2)2 were similar, near to 20% in pH 7.4 and near to 80% in pH 5.5, 6.0, and 6.5. The coumarin-6 uptake by C6 and U87 cells from coumarin-6-SSL, coumarin-6-PSL and coumarin-6-PSL- H7K(R2)2 were analyzed by flow cytometry. The fluorescence intensity of coumarin-6 in pH 7.4 were almost identical to the three formulations. However, in pH 6.8 the fluorescence intensity of coumarin-6 from coumarin-6-PSL and coumarin-6-PSL- H7K(R2)2 were higher than coumarin-6-SSL about 1.2 and 1.7-fold, respectively. The C6 cell line was used to investigate the in vitro cytotoxicity of liposomes. At pH 7.4, the IC50 values determined for DXR-SSL (14.9 ± 2.4 µg/ml), DXR-PSL (12.4 ± 1.7 µg/ml) and DXR- PSL- H7K(R2)2 (12.6 ± 0.7 µg/ml) were similar. At pH 6.8, the IC50 values determined for DXR-SSL (12.2 ± 0.3 µg/ml), DXR-PSL (3.7 ± 0.5 µg/ml) and DXR- PSL- H7K(R2)2 (3.2 ± 0.4 µg/ml), unlike DXR-SSL group, were significantly reduced compared with that at pH 7.4. The antitumor efficacy was evaluated in human C6 xenograft model and after 21 days the mean tumor sizes determined for DXR-SSL, DXR-PSL and DXR-PSL-H7K(R2)2 groups were 4369 ± 793, 1989 ± 205 and 1148 ± 285 mm3, respectively, confirming that the pH-sensibility by polymorphic lipid and peptide can be a good strategy to produce an efficient responsive system to anticancer drug delivery (111).



GSH-Triggered Liposomes

Aerobic life demands oxygen, and the respiration process leads to the formation of ROS that leads to oxidative stress. Glutathione (L-γ -glutamyl-L-cysteinylglycine, GSH), is one of the most important cellular antioxidant systems (112). GSH protects the biological system from oxidizing factors, such as ROS, by terminating them. In this process, GSH itself is oxidized to glutathione disulfide (GSSG), which is reduced back to GSH by glutathione reductase (GR), as shown in Figure 8 (113).




Figure 8 | Glutathione (GSH) is oxidized to glutathione disulfide (GSSG) in the presence of reactive oxygen species (ROS). GSSG is reduced back to GSH by glutathione reductase (GR).



GSH concentrations vary both from extracellular to intracellular environment and from normal to tumor cells. GSH concentrations in blood and extracellular matrix have been reported to be up to 1000-fold lower than that observed in the intracellular environment. In tumor cells, GSH levels have been reported to be up to 100-fold higher than that of normal cells. This high redox potential difference allows for the design of nanosystems that are selectively triggered in the tumor tissue (114).

Different nanocarriers have been designed upon this concept such as micelles (115), nanoparticles based on hydroxyethyl starch (116), gold-nanoparticle (117) and liposomes (118–120). Most of the materials used to obtain these nanosystems contain characteristic disulfide (S-S) bonds. These bonds are highly stable when exposed to low levels of GSH, like that on extracellular environments, but tend to be rapidly cleaved in the intracellular highly reducing environments, by GSH mediated thiol-disulfide exchange reaction. Figure 9 represents this reaction, which starts with the nucleofilic attack of a disulfide bond by a deprotonated thiol resulting on the S-S bond cleavage producing a new disulfide and a new thiol (121).




Figure 9 | The thiol disulfide exchange reaction.



Fu et al. (118) prepared redox-sensitive liposomes modified with TAT, a cell-penetrating peptide. The formulation was composed of CHOL, SPC, DSPE-S-S-PEG5000, and DSPE-PEG2000-TAT (10:69.5:10:0.5 molar ratio) and used to encapsulate PTX. When evaluated against murine melanoma B16F1 tumor xenograft model, in the end of 14 days the RTV for animals treated with the redox-sensitive TAT modified liposomes (~250%) was significantly lower compared to animals treated with non-redox sensitive and non TAT modified liposomes (CHOL : SPC:DSPE-PEG2000, 10:75:5 molar ratio; RTV ~700%) and compared to non-redox sensitive TAT modified liposomes (CHOL : SPC:DSPE-PEG5000: DSPE-PEG2000-TAT, 10:69.5:10:0.5 molar ratio; RTV ~400%). These results showed that both the S-S binder and TAT modification had an important role in enhancing the antitumor efficacy (118).

Chi et al. (122) prepared redox-sensitive liposomes composed of SPC, CHOL, DOTAP, DOPE, and PEG2000 conjugated with CHOL through a bio-reducible disulfide linker (CHOL-SS-mPEG) at a 4:1:2:2:1 molar ratio. Non redox-sensitive liposomes were prepared using CHOL-mPEG instead of CHOL-SS-mPEG. These liposomes were coated with hyaluronic acid, a ligand to CD44, and used to encapsulate DXR. An in vitro burst release was observed for this formulation in the presence of 10 mM GSH with >60% of DXR released in the first 4 h. In contrast, the non-redox sensitive liposomes released only approximately 30% of DXR after 72 h, independent of the GSH concentration. When tested for antitumor activity against xenograft osteosarcoma (MG63) mouse model, the redox-sensitive liposomes showed the best efficacy (tumor volume ~0.5cm³) compared to non-redox-sensitive liposomes (tumor volume ~1.25cm³) and free DXR (tumor volume ~1.75cm³) in the end of 24 experimental days (122).

Chen et al. (120), prepared redox-sensitive oligopeptide liposomes composed of the redox-sensitive cationic lipid (LHSSG2C14), natural soybean phosphatidylcholine (SPC) and CHOL (5:5:1 weight ratio) encapsulating PTX and anti-survinin siRNA. The formulation was evaluated for PTX and siRNA release in vitro in GSH concentrations of 10 μM, which simulated the extracellular environment, and 10 mM, which simulates the intracellular environment. When exposed to 10 μM of GSH, less than 30% of PTX was released in 36 h. When the GSH concentration was 10 mM, the accumulated release of PTX was more than 80% in 36 h. In comparison, a non-redox sensitive formulation (prepared with LHG2C14 instead of LHSSG2C14) released less than 25% of PTX in 36h when GSH concentration was 10 mM. The bands of siRNA in agarose electrophoresis experiment could be detected after 2 h of incubation with 10 mM GSH but were not detected after incubation with 10 μM of GSH even after 8 experimental h. These results implied a relative stability of the formulation under the physiological conditions with targeted release in the presence of high GSH concentrations. When evaluated for its cytotoxicity, the redox-sensitive liposomes presented an IC50 value of 0.35 μg/ml against 4T1 breast cancer cells, while the non-redox sensitive liposomes and Taxol® presented IC50 values of 0.82 μg/ml and 0.85 μg/ml, respectively (120).



Enzyme-Triggered Liposomes

Enzymes are proteins with extreme biorecognition ability and catalytic function in chemical reactions. They can be used as diagnostic markers for pathologies or target-therapeutics, since some diseases present differences in their expression compared to healthy tissues (123, 124). The over expression of proteases and phospholipases in tumor tissue, when compared to the normal tissue, has been explored to develop enzyme-triggered liposomes (125, 126). Enzyme-responsive liposomes release their content in response to pathologically increased enzyme levels at the target site (127).



Protease Triggered Liposomes

Proteases are responsible for breaking peptide bonds between the amino acids of proteins. Metalloproteases (MMP) are proteases that attack collagen, elastin, fibronectin and proteoglycan, which causes the degradation of extracellular matrices. MMP-2 e MMP-9 are overexpressed in almost all cancers, being an attractive target to develop enzyme-triggered delivery systems (126).

Sarkar et al. (128) explored the MMP-9 to trigger liposomes composed of DSPC and a lipopeptide (LP1; [CH3(CH2)16COHNGPQGIAGQR(GPO)4GG-COOH]). The MMP-9 recognizes and unwinds the triple helical structure of LP1 on the liposomal surface, resulting in their destabilization and release of the encapsulated material. For release studies, liposomes composed of DSPC : LP1 (90:10 molar ratio) or 100% DSPC (control) were loaded with CF dye. When exposed to MMP-9 for 5 h, the responsive liposomes released around 55% of CF, while no CF release was observed for control liposomes. In contrast, without MMP-9, the responsive liposomes released only 10% of the dye, confirming the triggering potential of the enzyme (128).

In a study by Kulkarni et al. (129), gemcitabine was encapsulated in liposomes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC): LP1: PEGylated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE-S-S-PEG5000): CHEMS: lissamine rhodamine lipid (59:30:5:5:1 molar ratio). These liposomes were designed to be sequentially GSH and enzyme (MMP-9) triggered. The disulfide bonds of POPE-S-S-PEG5000 are cleaved by GSH mediated reaction, resulting in the exposure of LP1 that is hydrolyzed by MMP-9. Free and liposome-encapsulated gemcitabine showed similar cytotoxicity for the PANC-1 cells (viability around 30-35%) and MIAPaCa-2 cells (viability around 45-50%). The higher cytotoxicity in PANC-1 cells was suggested to be due to the higher concentration of MMP-9 measured on the conditioned media of PANC-1 (126 ± 23 pg/ml) compared to that of MIAPaCa-2 cells (8 ± 4 pg/ml). The antitumor efficacy was evaluated in nude-Foxn1 mice with PANC-1 xenograft tumor. Animals treated with gemcitabine (10 mg/kg/week) encapsulated in MMP-9 responsive liposomes presented lower increase in tumor volume (increase of 125%) when compared to gemcitabine encapsulated in liposomes without LP1 (increase of 175%) in the end of 4 weeks (129).



Phospholipase Triggered Liposomes

Phospholipase A2 (PLA2) degrades phospholipids and is over expressed in a variety of cancer types, namely prostate, lung, breast and pancreatic (126, 127). This catalytic activity is enhanced when phospholipids are organized, such as in liposomes, compared to lipid monomers; and is dependent on the lipid composition and membrane charge. The negative charge of phospholipids has also an important role in activity of the PLA2 (130). PLA2 acts at the lipid−water interface. Initially, interacts with the membrane by its interfacial binding surface and later the lipid is hydrolyzed in the active site of the enzyme (127).

Mock et al. (133) prepared two different PLA2 responsive liposomes composed of DSPC : DSPE-PEG : CHOL : DSPG (SPRL-G) (8:1:5:1 molar ratio) and of DSPC : DSPE-PEG : CHOL : DSPE (SPRL-E) (8:1:5:1 molar ratio) and a control liposome, without negative charge, composed of DSPC : DSPE-PEG : CHOL (9:1:5 molar ratio). CF was added to the formulations on the lipidic film hydration and DXR was encapsulated by remote loading. Release studies showed that CF released from the different liposomal formulations was negligible in the end of 108 h when PLA2 was absent. In contrast, in the presence of PLA2 there was an increased CF release from control liposomes (11%) SPRL-E (11%) and SPRL-G (14%) in the end of 108 h. A significant CF release from SPRL-E and SPRL-G started at 24–36 h, but for control liposomes it started only after 48 h. The antitumor efficacy of SPRL-E and the control liposomes was evaluated in human PC-3 xenograft model, that received the treatments containing 5mg/Kg of DXR on a weekly basis for four weeks. After 35 days, the tumor volume in the SPRL-E and control groups were 300mm3 and 500mm3, respectively, suggesting that SPRL-E are more effective for tumor growth inhibition (131).



Hypoxia-Triggered Liposomes

The rapid growth of tumor cells demands a large amount of oxygen. As the tumor vasculature is irregular and abnormal, the oxygen supply is deficient, thus resulting in hypoxic regions. The hypoxia is a pathological phenomenon that consists in an important hallmark of tumor microenvironment. The oxygen partial pressure on some tumor tissues can be as low as 5–10 mm Hg, compared to the healthy tissue where it is near 30–50 mm Hg (132, 133). Due to this significant difference in the amount of oxygen, hypoxia is a promising target for cancer therapy (124). It is reported that the pathological phenomenon of hypoxia causes an increase in reductive stress, resulting in overexpression of nitroreductase, azoreductase, and quinone reductase (134).That in mind, pro-drugs that are activated to form the cytotoxic agent in hypoxia regions were designed (132), as well as hypoxia-triggered drug delivery systems to release drugs to hypoxic sites (133).

Liu et al. (135) obtained a new lipid called MDH. For that, first the hypoxic radiosensitizer 2-Methyl-5-nitroimidazole-1-ethanol (metronidazole) was conjugated to hexadecanedioic acid (HA) with a hydrolysable ester bond, in order to form (16-(2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethoxy)-16-oxohexadecanoic acid (MHA). The MHA was then coupled with 3-dimethylaminopropane-1, 2-diol (DA) to form ester linked MDH. The tertiary amine group on the MDH becomes protonated when exposed to the acidic ambient of tumor, enhancing the cellular uptake of liposomes. The nitro group on the MDH can be converted to a hydrophilic amino group by nitroreductases in hypoxic conditions, leading to the destabilization of the liposomes and the release of its content. The MDH lipid was used for obtaining hypoxia-responsive liposomes composed of DSPE-PEG2000: MDH: CHOL (1:6:3 molar ratio) encapsulating DXR. These liposomes were evaluated for DXR release and in 5 h under hypoxic conditions 65.78% of the drug was released, versus approximately 25% in normoxic conditions. As a control, non-hypoxia-responsive liposomes composed of 1,2-Bis(palmitoyloxy)-3-(dimethylamino) propane (PD): DSPE-PEG2000: CHOL (1:6:3 molar ratio) encapsulating DXR were prepared. These liposomes have the tertiary amine as well as the MDH-liposomes, but it does not present the hypoxia-responsive nitro group.

The hypoxic-responsive DXR release from hypoxia-responsive liposomes was investigated. Under hypoxic conditions, the liposomes released 65.8% of its DXR content within 5h while no significant DXR release was observed under normoxic conditions. The rapid DXR release of the hypoxia-responsive liposomes was examined in U87 cells. These cells were exposed to either hypoxia-responsive or non-hypoxia-responsive liposomes under hypoxic (2% oxygen concentration) or normoxic (21% oxygen concentration) conditions for 2 h. Cells were then collected and DXR fluorescence analyzed by flow cytometry. Hypoxia-responsive liposomes presented a higher DXR fluorescence under hypoxic conditions compared to that under normoxic conditions. On the other hand, for non-hypoxia-responsive liposomes, the DXR fluorescence intensity was nearly the same for both conditions, demonstrating that presence of MDH is necessary for liposome destabilization under hypoxia.

To evaluate the biodistribution and the antitumoral efficacy of the formulation, a xenograft glioma model was obtained by intracranial injection of human glioblastoma U87 cells in Balb/c nude mice. The hypoxia-responsive liposomes encapsulating DXR and free DXR were injected intravenously and after 4 h animals were examined by an in vivo fluorescence microscopy imaging system. For animals treated with free DXR almost no DXR fluorescence was observed in the glioma, while a strong DXR fluorescence in the glioma of the animals treated with the hypoxia-responsive liposomes was observed. That demonstrated that the formulation could penetrate the blood-brain barrier delivering DXR to the tumor. The bioluminescence imaging was used to measure tumor growth. At day 30, the tumor growth rates in mice treated with non-hypoxia-responsive and hypoxia responsive liposomes were 2.72 fold and 0.79 fold, respectively, compared to day 10, and the median survival time were 55.5 and 65.5 days, respectively, demonstrating that the hypoxia-responsive liposomes exhibited higher antitumor efficacy in xenograft glioma model (135).

In another study, Liu et al. (136) used hypoxia responsive and non-hypoxia responsive liposomes as carriers of PLK1 siRNA for the treatment of glioma. The hypoxia responsive liposomes were composed of DSPE-PEG2000: CHOL: MDH (7,5:35:57,5 molar ratio) and non-hypoxia-responsive liposomes were composed of DSPE-PEG2000: CHOL: PD (7,5:35:57,5 molar ratio). The cellular uptake and intracellular distribution of these formulations were evaluated in hypoxic and normoxic conditions by fluorescence microscopy and flow cytometry in rat glial tumor C6 cells. The non-hypoxia-responsive liposomes showed slight and similar intracellular fluorescence intensity in C6 cells under hypoxic and normoxic conditions. Differently, the hypoxia-responsive liposomes showed higher intracellular fluorescence intensity compared to the non-hypoxia-responsive liposomes, especially under hypoxic conditions. The apoptosis-inducing effect was detected using the Annexin-V-FITC/PI in C6 cells. The hypoxia-responsive liposomes carrying siRNA showed 16.9% and 9% apoptotic ratio under hypoxic and normoxic conditions, respectively. The non-hypoxia-responsive liposomes carrying siRNA showed 5.5% apoptotic ratio under both oxygen conditions. The proliferation inhibition was evaluated by MTT assay. Hypoxia-responsive liposomes carrying siRNA inhibited the cell proliferation in 72.2% and 38.4% under hypoxic and normoxic conditions, respectively. The non-hypoxia-responsive liposomes carrying siRNA had only slight cell proliferation inhibition under both oxygen conditions. To evaluate the antitumoral efficacy of these formulations by bioluminescence imaging, a xenograft glioma model was obtained by intracranial injection of C6 cells to mice. Twenty-seven days after the different treatments, the tumor burden on animals treated with non-hypoxia-responsive liposomes was equal to 64.6% of that of the control (PBS) group. For animals treated with hypoxia responsive liposomes, tumor burden was 41.1% of the control group, suggesting this formulation is significantly superior on inhibiting the growth of glioma (136).



ATP-Triggered Liposomes

In recent years, studies exploit the potential of ATP as a possible endogenous liposome trigger. This molecule is of extreme importance in cell signaling and metabolism and its concentration differs in extra and intracellular environments, allowing for the development of ATP-triggered drug delivery systems. In the extracellular fluid the ATP concentration is lower than 5 μM and double that amount is found inside the cells (14). Additionally, intratumoral interstitial ATP levels are between 103-104 fold higher when compared to levels found in normal tissues (137).

For the nanosystem to be sensitive to this ATP gradient, different strategies are possible. For example, the incorporation of single chain DNA aptamers, which are specifically recognized and activated by ATP. Another possibility is to use enzymes that use ATP as an energy source. The nanocarriers are than able to selectively release their drug content through a conformational switch under an ATP rich environment (138, 139). Although these concepts are already solid and elucidated, systems that use ATP as a stimulus for drug delivery are still under test of concept and need further studies to become a clinical reality. These studies include the investigation of ATP concentrations in the different organelles, the regulation of the glucose-dependent ATP response, and the discovery of aptamers capable of differentiating ATP from the adenosine diphosphate (ADP) molecule. In addition, it is necessary to evaluate the immunogenicity potentials of the bio-macromolecules used as ATP probes, since aptamers and enzymes are always made of DNA and proteins. However, like other endogenous triggers, the release of drugs into the ATP-stimulated tumor region has the advantage of not requiring any special equipment (139).

In order to exploit antitumor release using ATP-triggered liposomes, Mo et al. (140), have developed a fusogenic liposome composed of EPC : DOPE : CHOL (2.5:2.5:1 weight ratio) encapsulating DXR and a ATP-responsive aptamer (DXR-FL). This aptamer with high binding affinity to ADP/ATP was selected in vitro from a large set of random ssDNA sequences. A second liposome composed of EPC : DOTAP : CHOL (5:1:0.1 weight ratio) encapsulating ATP (ATP-L) was obtained and co-administered. The idea consisted on the co-internalization of these formulations in endosomes, followed by their pH-responsive membrane fusion and ATP-triggered DXR release and accumulation in the cell nucleus. When evaluated for its cytotoxicity against the human breast cancer cell line MCF-7, the IC50 of DXR-FL alone was 2.6 µg/ml while the IC50 of DXR-FL co-incubated with ATP-L was 1.5 µg/ml. When evaluated in vivo in a mouse model with MCF-7 tumor, DXR-FL co-delivered with ATP-L led to a higher tumor growth suppression compared to DXR-FL alone (tumor volumes around 0.25 cm³ and 0.35 cm³, respectively), confirming the effective role of extrinsic ATP in DXR release (140). In this study, extrinsic ATP is provided therefore it is a chemical exogenous trigger stimulus. Unfortunately, authors did not compare the DXR-FL to a non-ATP-sensitive formulation in order to compare to the potential of the endogenous ATP alone.

On Table 2, we summarize the most important aspects of important liposomal formulations triggered by different endogenous stimuli developed to date.


Table 2 | Summary of important liposomal formulations triggered by different endogenous stimuli.






Concluding Remarks

The strategy of liposomal triggered release at the tumor site is part of liposomal evolution together with other strategies (e.g., long-circulating liposomes or active targeting) that aim on obtaining efficacious levels of drug in the tumor. Both the outer and inner tumor environment are being explored as means for liposomal triggered release. Herein, key studies concerning this topic were reviewed. As a relatively new strategy, its applications have not yet been fully developed, with a thermo-sensitive liposome being the only to make it to clinical studies so far. A special focus should be on liposomal formulations that are simple in composition, and that demand inexpensive trigger devices, thence enhancing the chances of clinical translation.
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Pancreatic cancer is an aggressive, devastating disease due to its invasiveness, rapid progression, and resistance to surgical, pharmacological, chemotherapy, and radiotherapy treatments. The disease develops from PanINs lesions that progress through different stages. KRAS mutations are frequently observed in these lesions, accompanied by inactivation of PTEN, hyperactivation of the PI3K/AKT pathway, and chronic inflammation with overexpression of COX-2. Nimesulide is a selective COX-2 inhibitor that has shown anticancer effects in neoplastic pancreatic cells. This drug works by increasing the levels of PTEN expression and inhibiting proliferation and apoptosis. However, there is a need to improve nimesulide through its encapsulation by solid lipid nanoparticles to overcome problems related to the hepatotoxicity and bioavailability of the drug.
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Introduction

The pancreas is a retroperitoneal organ formed by a connective tissue capsule, with the parenchyma and lobes separated by thin dividing walls containing nerves, excretory ducts, and lymphatic and blood vessels (1–3). Containing exocrine epitheliums (ducts and acini, comprising 90% of the gland mass) and endocrine epitheliums (Islets of Langerhans, comprising approximately 2% of the glandular mass) and carrying out functions of synthesis, secretion, regulation, and storage of digestive enzymes (exocrine part) and hormones (endocrine part), the organ is essential for the digestion of carbohydrates, proteins, and fats in food (1–3).

Pancreatic cancer is the fourth leading cause of cancer death and the most frequent gastrointestinal neoplasia, characterized by its lethality with an average survival of 3–6 months and a 5-year survival rate of less than 5% (4–6). The increase in life expectancy (pancreatic cancer mainly affects the older population), obesity, and diabetes mellitus are the main risk factors for the development of the disease (4–6). Surgery is the most recommended procedure in the treatment of pancreatic cancer; however, it must be accompanied by adjuvant therapy, which nonetheless guarantees only a 5-year survival rate for patients. Therefore, there is a need to develop more efficient therapeutic approaches for the treatment of this neoplasm (6–9).

Pancreatic cancer develops from PanINs lesions (pancreatic intraepithelial neoplasms) that progress through different stages (low, medium, and high grade) (6–9). All stages harbor the accumulation of genetic mutations in several genes, where the KRAS mutation (Kirsten rat viral sarcoma oncogene homolog) is the first change observed in all grades of PanINs (approximately 99%) (10–12), followed by loss of CDKN2A function, and genetic inactivation of TP53 and SMAD4 (10, 12, 13). The KRAS mutation follows the loss of PTEN (phosphatase and tensin homolog), a tumor suppressor that inhibits the activation of the PI3K/Akt pathway, which is hyperactivated in 60% of pancreatic cancer cases (10, 12–14). The disease is also associated with chronic inflammation, with overexpression of COX-2 (15, 16).

Drug repositioning is a promising strategy that offers many opportunities for drugs already known to show their functionality in other diseases such as cancer (17, 18). Nimesulide is a selective COX-2 inhibitor that has demonstrated multiple anticancer effects, including reduced cell proliferation and induction of apoptosis in different types of PanIN lesions in pancreatic cancer (15, 16). However, there are problems related to its hepatotoxicity and bioavailability and, consequently, there is a need to improve this medication, potentially through the application of nanotechnology (19). Thus, the objective of this review is to show the action of nimesulide in the PTEN/PI3K/AKT/COX2 pathway, as well as to suggest an alternative for the improvement of this drug via its encapsulation within solid lipid nanoparticles.



Pancreatic Cancer

Pancreatic cancer is the term used to describe the formation of a tumor in the cellular epithelium of the glandular structures of the pancreas (3, 8, 9). It is characterized by being a highly aggressive and devastating disease due to its invasiveness (with perineural and vascular growth), rapid progression (distant and early metastases), and profound resistance to pharmacological therapies, chemotherapy, radiotherapy, and targeted molecular therapy (8, 9). This type of cancer is one of the most prevalent worldwide, being the fourth leading cause of death in the USA (United States of America) and eighth in Europe, second only to lung, prostate, or breast and colon cancer (6, 7, 20).

Among solid tumors, pancreatic cancer has the worst survival (less than 6 months) with a mortality reaching 90% of cases (6, 7, 21). The prediction of experts is that by 2030 this disease will be the second leading cause of cancer-related death, due to the ever increasing rise in its incidence (about 43,000 to 53,070 new cases are diagnosed annually) (6, 7).

The main factor contributing to this high mortality rate is the occurrence of non-specific symptoms in the early stages of the disease, which include asthenia (loss or decrease in physical strength), loss of weight, anorexia, abdominal pain, dark urine, jaundice, nausea, back pain, diarrhea, vomiting, steatorrhea (fatty stools), dyspepsia (abdominal discomfort), lethargy, and diabetes of recent onset; this makes it difficult to start early diagnosis and, consequently, leads to the worsening of the neoplasm (5, 8).

The risk factors that contribute to the appearance of pancreatic cancer are still uncertain, but it is strongly related to the aging of the population (90% of the diagnosed population is over 55 years old) (5, 22) and is seen more frequently in developed countries than in developing countries, where people tend to live longer (5, 22). Other factors include smoking, alcohol, obesity, diet, physical inactivity, chronic diseases (gastric diseases, diabetes, pancreatitis, hepatitis virus), and genetic mutations [amplification or overexpression of oncogenes (KRAS) and alterations in tumor suppressor genes (T53)] (5, 8, 22, 23).

Pancreatic cancer can be classified according to its appearance (solid or cystic), mucin production, and cell differentiation [exocrine (ductal or acinar) or endocrine] (5, 8). Solid types are the most aggressive including, for example, pancreatic ductal adenocarcinoma (the most common type, occurring in 85% of cases), neuroendocrine neoplasms, acinar cell carcinomas, and pancreatoblastomas. Cystic types include mucinous cystic neoplasms, intraductal papillary mucinous neoplasms, and solid pseudopapillary neoplasms (5, 8).



Physiopathology of Pancreatic Cancer

The development of pancreatic cancer is a slow and gradual process, occurring in several stages through the formation of precursor lesions, inactivation of tumor suppressor genes, activation of oncogenes, and deregulation of the cell cycle (8, 24–26). The precursor lesions may be of the intraductal papillary mucinous neoplasia type (IPMN, mucin producing neoplastic cells located in the duct), mucinous cystic neoplasia type (MCN, mucin producing neoplastic cells that do not connect to the duct), and pancreatic intraepithelial neoplasia type (PanIN, cells with non-invasive microscopic epithelial neoplasm), with the latter being the most common precursor in humans (8, 24, 25, 27).

Thus, pancreatic cancer appears through PanIN proliferative lesions (located in the pancreatic ducts) evolving to PanIN-1 (low grade lesions with infiltration of the carcinoma and accumulation of genetic alterations and infiltration), PanIN-2 (intermediate lesions with histological progression, hyperplasia, and primary carcinoma), PanIN3 (high grade lesions, with metastasis called “carcinoma in situ”), and finally pancreatic ductal adenocarcinoma (the most prevalent and lethal form of this type of neoplasia) (10, 12, 24–26, 28) (Figure 1). The gradual progression of PanIN lesions to the formation of pancreatic ductal adenocarcinoma involves the accumulation of several important genetic mutations that contribute to the worsening of the pathology. The four most frequently mutated genetic factors are three tumor suppressor genes, CDKN2A, TP53, and SMAD4 (Figure 2), and the KRAS oncogene (8, 10, 12, 24).




Figure 1 | Evolution of pancreatic cancer. Pancreatic cancer appears through proliferative lesions PanINs (located in the pancreatic ducts), evolving to PanIN-1 (low grade lesions with infiltration of the carcinoma and accumulation of genetic alterations and infiltration), intermediate lesions with progression histological, hyperplasia, and primary carcinoma) and PanIN3 (high grade lesions with metastasis, called “carcinoma in situ”) and finally pancreatic ductal adenocarcinoma (the most prevalent and lethal form of this type of neoplasia). From: Author. This figure used elements from Servier Medical Art.






Figure 2 | Inactivation of tumor suppressor genes via CDKN2A, TP53, and SMAD4. 1: CDKN2A (cyclin-dependent 2K kinase inhibitor) is a tumor suppressor gene that is found to be mutated usually in PanIN-2 lesions. This gene encodes the p16 protein that binds to cyclin dependent kinase 4/6 (Cdk4/6), interrupting the cell cycle in the G1 phase. The inactivation of CDKN2A causes the functional deactivation of the p16 protein and, consequently, increased cell proliferation, contributing to tumor formation and growth; 2: TP53 (tumor protein p53) is the tumor suppressor gene that activates target genes (p21, Bax, Apaf-1) in response to cell oxidative stress and DNA damage, participating in the control of cell growth and apoptosis through gene transcription. The inactivation of this gene causes dysregulation of the cell cycle and worsening of neoplastic lesions; 3: The SMAD4 (mothers against decapentaplegic homolog 4) is located on chromosome 18q and encodes the beta transcription factor (TGF-b) involved in the regulation of important cellular functions, such as tissue differentiation, cell proliferation, migration, and apoptosis. Inactivation of SMAD4 results in the interruption of the normal cell cycle, contributing to tumor metastasis. From: Author.





Inactivation of Tumor Suppressor Genes


CDKN2A

CDKN2A (cyclin-dependent 2K kinase inhibitor) is a tumor suppressor gene that is found to be mutated in 95% of cases of pancreatic adenocarcinoma, usually from PanIN-2 lesions (8, 10, 14). This gene encodes the p16 protein that binds to cyclin dependent kinase 4/6 (Cdk4/6), interrupting the cell cycle in the G1 phase (8, 10, 14). The inactivation of CDKN2A by homozygous deletions, loss of single allele combined with intragenic mutation in the second allele, or hypermethylation of the promoter, causes the functional deactivation of the p16 protein and, consequently, increased cell proliferation, contributing to tumor formation and growth (8, 14).



SMAD4

The mutation in this gene (a member of the large SMAD4 family) occurs in 55% of cases of pancreatic adenocarcinoma PanIN-3 lesions (8, 10, 14). SMAD4 is located on chromosome 18q and encodes the beta transcription factor (TGF-b) involved in the regulation of important cellular functions, such as tissue differentiation, cell proliferation, migration, and apoptosis (8, 10, 14). Inactivation of SMAD4 by homozygous exclusion of both alleles or in the intragenic form of an allele, results in the interruption of the normal cell cycle, contributing to tumor metastasis (8, 10, 14).



TP53

TP53 (tumor protein p53) is the tumor suppressor gene that mutates in 70% of pancreatic cancer PanIN-3 lesions (8, 10, 14). TP53 activates target genes (p21, Bax, Apaf-1) in response to cell oxidative stress and DNA damage, participating in the control of cell growth and apoptosis through gene transcription (8, 10, 14). The inactivation of this gene causes dysregulation of the cell cycle and worsening of neoplastic lesions (8, 10, 14).



KRAS

The KRAS oncogene (viral oncogene homologous to Kirsten rat sarcoma) is considered the most frequent mutation in pancreatic adenocarcinoma (in 95% of cases), and this is one of the first changes that occurs in the pancreatic tumorigenesis process (PanIN-1), being observed in all degrees of PanINs (8, 14, 29). This oncogene is involved in the signal transduction of an important cell signaling pathway, the P13K/PTEN/AKT pathway (8, 14, 29). A point mutation of KRAS at codon 12 induces permanent activation of the RAs protein, causing progressive dysregulation in the process of differentiation, cell growth, and apoptosis. This leads to the formation of pre-neoplastic cells, foci of hyperplasia, and metastasis in the pancreatic duct (8, 14, 29).



Via KRAS/P13K/PTEN/AKT

KRAS encodes the Ras protein through a small GTPase-binding protein, which alternates between the active (GTP) and inactive (GDP) states of Ras (3, 10, 30). The active state of the protein is promoted by guanine nucleotide exchange factors (GEFs), which help to shift from GDP to GTP in response to stimulation of a cell surface receptor, epidermal growth factor receptor (EGFR, a member of the human tyrosine kinase epidermal receptor family) (3, 10, 30). The activation of Ras results in the recruitment of PI3K (phosphatidylinositol-3-kinase), a heterodimeric protein formed by two subunits: a regulatory and a catalytic one (3, 10, 30).

The activation of PI3Ks occurs through the catalytic subunit SH2 (Src-homology domain 2), where it transfers an ATP-derived phosphate to the D-3 position of the inositol ring of the phosphoinositide membrane, forming PIP2 (phosphatidylinositol 4,5-bisphosphate) and then PIP3 (phosphatidylinositol 4,5-triphosphate) (3, 10, 30). The second messenger PIP3 recruits the membrane AKT (serine/threonine kinase) and PDK1 (phosphoinositide-dependent kinase 1) (3, 10, 30).

AKT affects various signaling pathways, such as the mTOR pathway (mammalian target of rapamycin), which regulates the nutrient, oxygen, and energy levels in cells (3, 10, 30) and also the NF-κB (nuclear factor kappa B) pathway, with pro and anti-inflammatory functions (31–33). The activation of PI3K is negatively controlled by a protein called PTEN, which regulates the intensity of the production of this protein and consequently its effects on the intracellular signal transduction cascade (3, 10, 30).



PTEN

PTEN (phosphatase and tensin homolog) is a member of the tyrosine phosphatase type I family and is located on chromosome 10q23, with nine exons and 1,209 nucleotides that are encoded to form a single 403 amino acid protein (34–38). This protein is composed of five domains: an N-terminal phosphatase that facilitates phospholipid hydrolysis, a short N-terminal binding domain (PIP2), a C2 domain (responsible for mediating protein binding with the cell plasma membrane), a C-terminal tail enriched with amino acids (proline, glutamic acid, serine, and threonine, and various phosphorylation sites), and a PDZ protein interaction domain that can bind to the lipid (34–38).

This protein is an important tumor suppressor that controls cell proliferation, growth, survival, and metabolism at all stages (G1, S, G2, and M) (36, 39–42). PTEN is the only lipid phosphatase that can inhibit the PI3K signaling pathway, preventing the hydrolysis of PIP2 to PIP3 (34–38). In its active state, this phosphatase homolog is recruited from the cytosol to the membrane, where its C-terminal portion is dephosphorylated, leading to the opening of its phosphatase domain (34–38). This allows binding to the cell membrane through the PDZ protein domain (34–38). Thus, PTEN acts on PI3K by preventing PIP2 from being hydrolyzed to PIP3 (located inside the membrane) and, consequently, the events related to this pathway (AKT/mTOR) (34–38). PTEN deficiency or absence causes hyperactivity of the PI3K pathway due to the accumulation of PIP3, leading to the appearance of high degrees of neoplastic transformations (34–38) (Figure 3).




Figure 3 | Inactivation of tumor suppressor genes via KRAS/PI3K/PTEN/AKT. The KRAS oncogene is considered the most frequent mutation in the pancreatic tumorigenesis process observed in pancreatic adenocarcinoma (PanIN-1) and is involved in signal transduction of an important cell signaling pathway, the PI3K/PTEN/AKT pathway. KRAS encodes the Ras protein through a small GTPase-binding protein. Active RAS is promoted by guanine nucleotide exchange factors (GEFs) in response to stimulation of a cell surface receptor, epidermal growth factor receptor (EGFR, a member of the human tyrosine kinase epidermal receptor family), resulting in the recruitment of PI3K. PI3K will form PIP2 (phosphatidylinositol 4,5-bisphosphate) and then PIP3 (phosphatidylinositol 4,5-triphosphate. The second messenger PIP3 recruits AKT (serine/threonine kinase) and PDK1 (phosphoinositide-dependent kinase 1 to the membrane). AKT affects various signaling pathways, such as the mTOR pathway, which regulates nutrient, oxygen, and energy levels in cells and the NF-κB pathway (nuclear factor kappa B). PTEN is responsible for regulating the intensity of PI3K and, consequently, its effects on the intracellular signal transduction cascade. PTEN deficiency or absence causes hyperactivity of the PI3K pathway, due to the accumulation of PIP3, leading to the appearance of high degrees of neoplastic transformations. From: Author.



PTEN can lose its function through genetic mutations, such as point mutations, large chromosomal deletions (homozygous/heterozygous exclusion), microRNA regulation, post-translational modifications, and epigenetic mechanisms (hypermethylation of the promoter region) (35, 43). PTEN mutations are seen in some syndromes, such as PTEN hereditary tumor syndromes (PHTS), Cowden syndrome, Bannayan–Riley–Ruvalcaba syndrome, and Proteus syndrome; patients with these syndromes develop benign tumors in various organs and are prone to the development of cancers of the thyroid, prostate, or breast (34, 36–38).

PTEN is frequently found mutated in the final stages of pancreatic cancer (PanIN-3), contributing to the onset of the most severe disease (ductal pancreatic adenocarcinoma) (34, 36–38). For this reason, PTEN becomes an interesting pharmacological target, since drugs that act to reactivate its tumor suppressor function can contribute to the prevention of progression in pancreatic cancer (35).




Pancreatic Cancer Treatment

Pancreatic cancer therapy has long been a challenge for the scientific community, which seeks to overcome resistance to different treatment modalities, such as radiotherapy, chemotherapy, and targeted therapies (44–46). Surgery remains the best option to cure patients with this neoplasia. However, this procedure alone is not enough, since the majority (90%) of patients relapse and die if additional therapy is not administered (28, 45, 47). Many adjuvant therapies have been evaluated over the years; one of the first used was based on fluoropyrimidines, 5-fluorouracil (5-FU), or capecitabine combined with radiation. Next, gemcitabine or fluoropyrimidines were tested, followed by chemoradiation (28, 45, 47).

At the moment, the most frequently used therapy is the combination of FOLFIRINOX (folinic acid, 5-fluoracil, irinotecan, and oxaliplatin) or gemcitabine plus nab-paclitaxel, with or without chemoradiation (28, 45, 47). Despite representing one of the best therapeutic options against pancreatic cancer, the combination of gemcitabine plus nab-paclitaxel has undesirable side effects associated with peripheral neuropathy and myelosuppression (28, 45, 47). Likewise, FOLFIRINOX is associated with an increased risk of febrile neutropenia, sensory neuropathy, gastrointestinal toxicity and alopecia (28, 45, 47). Even with the help of adjuvant therapy, patient survival is short of 5 years (28, 45, 47).



Drug Repositioning and the Use of NSAIDS in Cancer Treatment

In recent years, the reuse or repositioning of drugs already known and approved for other therapeutic purposes has intensified (17, 18, 48). Previous knowledge about the pharmacological characteristics of these drugs (efficacy, interactions, safety, and toxicity) allows a reduction in cost and time, accelerating their entry into experimental clinical trials on pancreatic cancer (17, 18, 48). A promising example of repositioning comes from non-steroidal anti-inflammatory drugs (NSAIDs), given that the development of pancreatic cancer is associated with chronic inflammatory processes, as observed in patients with pancreatitis who are 10 to 20 times more likely to experience this neoplasm (49–51).

NSAIDs are a class of commonly prescribed heterogeneous drugs with analgesic, antipyretic, and anti-inflammatory actions, which act by inhibiting cyclooxygenase (COX), and consequently the transformation of arachidonic acid into prostaglandins (responsible for the events causing pain, fever, and inflammation) (49–51). There are two isoforms of COX: COX-1 and COX-2. COX-1, also called a constitutive enzyme, is present in almost all tissues (blood vessels, stomach, kidneys) and is involved in the production of prostaglandin and the maintenance of homeostasis in the tissues in which it is located (49–51). COX-2, known as an inductive enzyme, is also present in almost all tissues; however its synthesis is stimulated in inflammatory processes, mediating pain, fever, and inflammation. COX-2 levels are overexpressed in pancreatic cancer cases, and several COX-2 inhibitors are used to treat this condition (49–51).



Nimesulide

Nimesulide [N-(4-nitro-2-phenoxyphenyl)methanesulfonamide] (Figure 4) is an NSAID belonging to the class of selective COX-2 inhibitors and the acid sulfonamide subgroup, which contains a methylsulfonamide portion in its structure (52–54). The large volume of the methylsulfonamide portion increases the bond strength between nimesulide and COX-2, explaining the high selectivity of this isoform (54, 55). The drug is a potent analgesic, anti-inflammatory, and antipyretic used orally (tablet) in doses of 100 mg twice daily; it is also used in the pharmaceutical form of drops (for children from 5 to 12 years old), a suppository (200 mg twice a day) and a gel (52–54, 56, 57). However, the limit for treatment duration is only 15 consecutive days (58). This limit was determined by the European Medicines Agency (EMA) to minimize the risks of hepatotoxicity associated with the use of this drug (53).




Figure 4 | Molecular structure of nimesulide. Nimesulide (N-(4-nitro-2-phenoxyphenyl)-methanesulfonamide) is a non-steroidal anti-inflammatory (NSAID), which contains a methylsulfonamide portion in its structure and is a weak acid. It has an acidity constant ranging from 6.4 to 6.8, and the melting point occurs between 147°C and 148°C. In addition, it has good solubility in acetone, chloroform, and ethyl acetate, with relative solubility in ethanol, and low solubility in water. This figure is from: https://pubchem.ncbi.nlm.nih.gov/compound/Nimesulide (accessed on Mar. 14, 2020).



Nimesulide is a weak acid, with an acidity constant ranging from 6.4 to 6.8 and a melting point between 147 and 148°C (59). It has good solubility in acetone, chloroform, and ethyl acetate, with relative solubility in ethanol and little solubility in water (59). The drug has a multifactorial mechanism of action, acting by blocking the superoxide anion released by leukocytes, inhibiting phosphodiesterase type IV, increasing levels of glutathione (tGSH) in stomach tissue, blocking histamine, attenuating hydrochloric acid, and inhibiting metalloprotease and platelet activation (PAF) (55, 56, 60, 61).

Nimesulide has suppressive effects on cancer cells and an antiproliferative action (54, 62, 63). The drug is able to inhibit lung cancer cell proliferation (55), stimulate apoptosis in breast cancer cells (64), and suppress gastric carcinogenesis associated with Helicobacter pylori (65). In addition, this NSAID can slow the progression of pancreatic cancer precursor lesions, inhibit proliferation, and induce apoptosis (16).



Mechanism of Action of Nimesulide in Pancreatic Cancer

Studies carried out by Chu et al. (16) demonstrated that nimesulide inhibits proliferation and promotes apoptosis of PANC-1 cells (cell line isolated from a ductal pancreatic adenocarcinoma) via increased expression of PTEN (16). PTEN mutation and inactivation in pancreatic adenocarcinoma lead to hyperactivation of the PI3K/AKT pathway. AKT regulates a series of important effector proteins such as NF-kB (nuclear factor Kappa B), COX-2, VEGF, Bcl-2, and Bax which, when deregulated, lead to uncontrolled proliferation, survival, growth, and other cellular events such as inflammation, causing metastasis (16, 66).

Nimesulide inhibits angiogenesis by inducing an increase in PTEN levels (16). PTEN suppresses AKT by decreasing VEGF levels in PANC-1 cells (16). VEGF (vascular endothelial growth factor) is responsible for supplying blood cells with oxygen and nutrients, contributing to the formation of new blood vessels (angiogenesis) (16, 67). This growth factor is overexpressed in pancreatic cancer (16). PTEN reactivation appears to be related to decreased expression of COX-2, since overexpression of this isoform causes PTEN inactivation (15, 16, 66). In turn, PTEN also acts by suppressing AKT and consequently inhibiting NF-kB, which decreases the expression of COX-2 (15, 68, 69). In any case, the action of nimesulide is related to the interaction between PTEN and COX-2 (16).

NF-kB is a protein complex that performs functions as a transcription factor and plays an important role in inflammation, suppression of apoptosis, and cell proliferation (68, 69). One study has also shown that nimesulide induces apoptosis by decreasing Bcl-2 expression levels and increasing Bax levels in PANC-1 (16) (Figure 5). Despite the beneficial effects of nimesulide on cancer, in recent years, reports also show that long-term oral use of nimesulide can lead to severe hepatotoxicity, leading to cases of fulminant liver failure requiring liver transplantation (68, 69). This hepatotoxicity has been associated with the effects of uncoupling in the mitochondria of nimesulide, which shows that it is a potent protonophoretic uncoupling and oxidizer of NAD (P) H (68, 69).




Figure 5 | Nimesulide in PANC−1 cells. Nimesulide inhibits proliferation and promotes apoptosis of PANC-1 cells (cell line isolated from a ductal pancreatic adenocarcinoma) via increased expression of PTEN. AKT regulates a series of important effector proteins, such as NFkB, COX-2, VEGF, Bcl-2, and Bax. Nimesulide inhibits angiogenesis by inducing an increase in PTEN levels and leading to suppression of AKT by decreasing VEGF levels. PTEN reactivation appears to be related to a decreased expression of COX-2 and also acts by suppressing AKT and consequently inhibiting NF-kB, which decreases the expression of COX-2. From: Author.





Hepatotoxicity

Hepatotoxicity associated with nimesulide has been reported in recent years, involving significant biochemical changes in the levels of ALT/AST (liver transaminases), with histological lesions suggestive of fulminant liver failure (61, 70). The first report about the hepatotoxicity of this drug occurred in 1997, with severe and even fatal cases of liver damage. This led to the restriction or withdrawal of nimesulide from the market in Spain and Finland in 2002 (61, 70). In 2004, the European Medicines Agency (EMA) restricted the indications for this NSAID and recommended a maximum daily dose of 200 mg (61, 70). New reports of fulminant liver failure cases requiring liver transplantation resulted in nimesulide commercialization being suspended in 2007 and led to a new safety review of the drug (61, 70). The review of the safety standards of the drug was completed in 2012, and found that the benefits of nimesulide outweigh the risks of potential liver toxicity (61, 70).

Liver damage associated with nimesulide is mainly caused by metabolites formed from its biotransformation in the liver. This process generates nitrous or hydroxylamine derivatives (19, 71), the most important being M1 [2-(4′-hydroxyphenoxy)-4-nitro-methanesulfonanilide:4-hydroxinumesulide], which can be easily traced and found in the plasma (71, 72). An isoenzyme of the cytochrome P450 family, CYP1A2 may be responsible for the hydroxylation of nimesulide (71, 73, 74). However, CYP2C9 and CYP2C19 may also be involved (71, 73) together with nitroreductases, which are flavoproteins responsible for the reduction of nitroarenes to aminoarenes (71, 75).

The mechanism involved in hepatotoxicity has not yet been fully elucidated; however, both mitochondrial dysfunction and oxidative stress have been implicated in the contribution to liver injury (19, 71). Mitochondria are the main sources of energy, also acting as the signaling center responsible for the beginning of cell death (apoptosis or necrosis), regardless of the route (19, 71).

In this organelle, the biotransformation of nimesulide generates reactive metabolites derived from nitrous or hydroxylamine (19, 76). The nitro group (O=N=O) has the ability to interfere with energy production and intracellular calcium hemostasis (77). Nimesulide transfers protons to the mitochondrial matrix, decreasing the membrane potential and increasing respiration (19). The increase in mitochondrial respiration leads to a progressive depletion of the enzyme nicotinamide adenine nucleotide phosphate (NADP), the oxidation and depletion of glutathione, and an intracellular increase in reactive oxygen species (ROS) (76).

The physical, chemical, and pharmacological limitations of nimesulide include low solubility and availability and proven hepatotoxicity, which compromises its efficacy and safety of use (53, 77–79). It is therefore necessary to use new transport systems as a strategy to improve the medication, seeking to meet requirements for optimal distribution and, consequently, reduce adverse effects (78, 79). Nanoparticles are particles ranging in size from 10 to 1,000 nm in diameter, which function as drug transport and distribution systems and whose main advantages are increased bioavailability, solubility, and the specificity of the action of the drug (78, 79). These benefits favor a reduction in the amount of drug needed to produce the ideal therapeutic effect, leading to a decrease in its toxicity and side effects for non-target tissues and cells (78, 79).



Nanoparticles in Cancer Treatment

Nanotechnology is emerging in cancer therapy as a promising field of interdisciplinary research (80, 81). The versatility, flexibility, and adaptability of nanoparticulate delivery systems have shown potential for providing the necessary health care for patients, improving their adherence to treatment (80, 81). Nanoparticles are formed by groups of particles of different sizes, shapes, materials, and chemical and surface properties (80, 81). These systems can be divided into two main groups: organic and inorganic carriers. Organic nanoparticles can be subdivided into polymers (homopolymers and copolymers) and lipids (80, 81). Homopolymers include nanospheres, nanocapsules, hydrogel, and dendrimers, and copolymers are micelles and polymersomes. The lipid category comprises solid lipids, liposomes, and micelles, while inorganic nanoparticles are metallic nanoparticles, fullerenes, carbon nanotubes, and ceramic nanoparticles (80, 81) (Figure 6). Solid lipid nanoparticles stand out from the others for the following advantages: the use of biodegradable physiological lipids that reduce acute and chronic toxicity and avoid the use of organic solvents in production methods, improving the solubility of hydrophilic and lipophilic drugs; specificity in medication administration; skin penetration by dermal application; large scale production using a high pressure homogenization technique; the control and release of modified drugs; the protection of labile chemical agents against chemical, photochemical, and oxidative degradation; better stability (for up to three years); increased drug bioavailability; a high concentration of the functional compound; and controlled drug release over several weeks (79, 81, 82).




Figure 6 | These systems can be divided into two main groups: organic and inorganic carriers. Organic nanoparticles can be subdivided into: polymeric (homopolymers and copolymers) and lipids. Homopolymers include: nanospheres, nanocapsules, hydrogel, and dendrimers; copolymers are micelles and polymersomes. The lipid category comprises solid lipids, liposomes, and micelles, since metallic nanoparticles, fullerenes, carbon nanotubes, and ceramic nanoparticles are inorganic nanoparticles. From: Author.





Organic Nanoparticles


Homopolymers


Nanocapsules

Nanocapsules are nano-vesicular systems (smaller than 200 nm) with a hollow spherical core–shell structure, surrounded by a membrane or polymer coating (83–85). The internal cavity can be filled with lipophilic or hydrophilic substances, in liquid form (polar or non-polar), solid form, or as a dispersion of molecules (83–85). These systems can be prepared by the interfacial deposition of preformed polymers and also by the solvent displacement technique, in which an oil is added to the organic stage of the process (83–85). Nanocapsules are used as intelligent drug carriers with specific chemical receptors that bind only to specific cellular receptors; other advantages in their use include the rapid absorption of active substances, greater bioavailability of the drug, greater safety and therapeutic efficacy, and improved patient adhesion to treatment (83–85).



Experimental Study

Huerta et al. (53) used nanoparticles loaded with nimesulide prepared from polylactide-co-glycolide (PLGA) (NPNS) and eventually coated then with chitosan (NPNSCS) (using the emulsion-solvent evaporation technique). Characterization of the nanoparticles showed an ideal size of 379.59 nm for NPNS and 393.66 nm for NPNSCS and zeta potentials of 15.3 mV for NPNS at 10.4 mV for NPNSCS, suggesting an efficient coating. The drug encapsulation rate was 30 and 70%, with NPNSCS and NPNS diluted 1/100 in PBS, respectively. An in vitro permeability assay of the nanocarriers demonstrated the permeability of free nimesulide as 1–1.5 105 cm/s when compared with NPNS 6.4–8.1 106 cm/s, and NPNSCS = 5.5–7.0 106 cm/s using the PAMPA (parallel artificial membrane) assay. In vitro cytotoxicity was tested in prostate cancer cells PC-3 and DU-145, showing a dose-dependent effect on the proliferation of PC-3 and DU-145 cells, the latter being more sensitive (IC50 139 and 90 mM, respectively). NPNS incubated with PC-3 cells showed a less inhibitory effect than the free drug (IC50 242 mM), and NPNSCS had the same inhibitory effect as the free drug (IC50 89 mM).

Senguel-Turk et al. (64) developed a poly (ethylene glycol)-block-poly (ϵ-caprolactone) nanocapsule (PEG-b-PCL) with nimesulide to assess its anticancer activity against MCF-7 breast cancer cells. PEG-b-PCL was encapsulated with nimesulide using three different production techniques: emulsion solvent evaporation using a high-shear homogenizer (method H), evaporation of emulsion-solvent using an ultrasonicator (method U), and nanoprecipitation (method N). The nanoparticles were evaluated for particle size, drug release rates, in vitro cell viability assays (MTT) and apoptosis (cytofluorometric analyses). All nanoparticle formulations in the cumulative dissolution profiles in vitro exhibited a biphasic release pattern that demonstrated a greater burst of drug release with the sustained release of nimesulide. The amount of drug released from the nanoparticles was approximately 63% for Method H, 54% for Method U, and 68% for Method N in the first 24 h. A particle size below 200 nm caused an increase in the rate of drug release (Method N). At a particle size of 200–250 nm, however, the drug release rate decreased by the U method and increased by the H method. Cell viability was shown to be reduced in both free and conjugated forms with nimesulide nanoparticles, with doses ranging from 10 to 500 μM. At doses of 10 and 100 μM, the free nimesulide caused 92.29 ± 2.05% and 88.51 ± 7.52% of cell viability, respectively. Both the U method (57.31 ± 10.39% at 10 μM and 45.04 ± 6.94% at 100 μM) and the N method showed more cytotoxicity in the profile (47.96 ± 5.22% at 10 μM and 46.83 ± 5.81% at 100 μM) of cell viability. Cytofluorimetric analysis of apoptotic events was performed through exposure to annexin V in MCF-7 cells, showing that 48 h of treatment with 250 and 500 μM free and a nanoparticle form prepared using the U method (the only method tested) induced more than 50% of MCF-7 cells to undergo apoptosis compared to control.




Dendrimers

Dendrimers are branched macromolecules (2–10 nm in diameter) with a three-dimensional tree-like structure, with a specific shape (globular, spherical), specific size and with a great deal of functionality and versatility (86–89). These nanoparticles are monodispersed, composed of an atom or a group of atoms (central symmetrical nucleus), and internal layers (generations) composed of repeated units, where branches of carbon and other elements are added by chemical reactions or physical interventions, conferring the unique properties of this nanocarrier (terminal functionality) (86–89).

Dendrimers have multiple applications, such as electron catalysis, drug release, gene therapy, and chemotherapy, and are synthesized using different techniques: divergent growth, convergent growth, double and mixed exponential growth, hypercores and branched monomer growth, Lego chemistry, and click chemistry (86–89). Types include polypropylene imine dendrimers (PPIs), polyamidoamine dendrimers (PAMAMs), Frechet type dendrimers, core–shell dendrimers, chiral dendrimers, liquid-crystalline dendrimers, peptide dendrimers, peptide dendrimers, dendrimer peptides glycodendrimers, hybrid dendrimers, and polyester dendrimers (86–89).

There are many advantages to using this polymeric system, including varied sizes of scale, providing dimensions of biological building blocks for proteins and DNA; the aggregation of specific functional groups on the terminal surface; an adequate number of functional groups for drug bio-conjugation; signaling groups; targeting portions or biocompatibility groups; and an empty interior space that can be used to encapsulate small molecule drugs (reduces drug toxicity and facilitates controlled release) (86–89).


Experimental Study

Murugan et al. (90) used the generation 3 quaternized poly (propylene imine) dendrimer (QPPI G3) as a carrier of the poorly soluble nimesulide drug. The transport potential of this dendrimer for the drug was evaluated through studies of solubility (phase solubility analysis method), in vitro release (dialysis method) and in vitro cytotoxicity (MTT diphenyltetrazolium bromide colorimetric assay). The results showed that the solubility of nimesulide increased in the presence of QPPI G3 (0.05 to 0.35 mM), just as this dendrimer allowed the sustained release of the drug (35.69% after 5 h). Cytotoxicity studies (cell line Vero and HBL-100) showed that QPPI G3 increases the biocompatibility and the tolerated concentration of nimesulide in dendrimer formulations (IC50 of 0.56 mM Vero and 0.42 mM in HBL-100).

Uram et al. (63) carried out studies with the third-generation poly (amidoamine) dendrimer (PAMAM) biotinylated conjugates with covalently linked 18 (G3B18N) and 31 (G3B31N), both linked to nimesulide. This nanoparticle was evaluated for its biological properties, including in vitro cytotoxicity (MTT method), proliferation and caspase 3/7 activities in relation to COX-2/PGE2 (prostaglandin) signaling in normal human fibroblasts (BJ) and carcinoma of squamous cells (SCC-15). The G3B18N conjugate was significantly cytotoxic against SCC-15 cells at a concentration of 5 µM and against BJ cells at a concentration of 10 µM (about 70 and 55% of cell viability, respectively). For the G3B31N conjugate, the viability value of SCC-15 cells was 1.25 µM and that of BJ cells was 2.5 µM. In the proliferation assay, G3B18N exercised high selectivity against cancer cells. The inhibition of SCC-15 cell proliferation was observed at a concentration of 2.5 µM, with a decrease in the number of cells to about 30%, with no significant changes observed in normal fibroblasts. G3B31N inhibited proliferation at a concentration of 1.25 µM for both SCC-15 and BJ cells. Dendrimer conjugates have a pro-apoptotic effect, with greater caspase 3/7 activity observed in fibroblasts. The most significant stimulatory effect of G3B18N was observed at concentrations of 5–10 µM. Caspase activity was doubled in BJ at the 10 µM concentration and increased by 60% in SCC-15 cells. The effect of the G3B31N conjugate was much more pronounced, particularly for fibroblasts. In BJ cells, an increase in caspase activity was observed by 2.5 µM. A minor but significant effect was seen in SCC-15 cells. At the 2.5 µM concentration, the increase in caspase activity was 150%. Caspase 3/7 activity was dependent on the increase in PGE2 production by COX-1/COX-2 (63).




Copolymers


Polymeric Micelles

Polymeric micelles are nanometric, spherical, and colloidal particles (diameter less than 100 nm) that can be produced by copolymer self-assemblies (89, 91–94). This nanoparticle has a shell-like inner core that serves as the storage of hydrophobic (lipophilic) molecules and is surrounded by a hydrophilic polymeric outer shell (89, 91–94). In an aqueous system, the hydrophobic portion of amphiphilic molecules form the nucleus of the micelle, while the hydrophilic portion forms the crown (89, 91–94). This is due to the formation of a Van der Waals bond resulting from free energy in the system (89, 91–94). In a polymeric micellar system, pharmaceutical products of a non-polar character are bound within the nucleus, while polar substances are retained on the surface of the micelle, and the intermediate polarity molecules are distributed along the intermediate polarity molecules (91, 92, 94).

Micellar nanoparticles follow specific criteria for their best functioning, involving: critical micellar concentration (balance between the concentrations of hydrophilic and hydrophobic molecules)—the lower the critical micellar concentration, the greater the solubility for the drug carried and the greater the micellar stability; a critical micellization temperature; and the size and shape of the final structure (89, 92, 94). These criteria are dependent on the conformation of the polymer chains in copolymer blocks; for example, lengths of a remarkably high hydrophilic block prevent the formation of copolymers in water, and on the other hand, exceptionally long hydrophobic molecules form blocks of non-micellar structure such as rods and lamellae (92, 94).

The micellar nucleus must have a high load capacity, controlled drug release profile, and compatibility between the nucleus-forming polymers and the drug (91, 92). The micellar crown must determine the hydrophilicity of the micelle, the charge, the length, and the surface density of the hydrophilic blocks, as well as the presence of reactive groups suitable for other micelles (91, 92). These characteristics of the crown control the important pharmacokinetic and pharmacodynamic parameters of a micellar transporter, such as its biodistribution, biocompatibility, longevity, surface adsorption of biomacromolecules, adhesion to biosurfaces, and targeting capacity (91, 92).

The hydrophilic micellar crown can be composed of copolymers of blocks of polyethylene glycol (PEG) with a molecular weight of 1 to 15 kDa (92), or a poly(N-vinyl-2-pyrrolidone) (PVP) or poly(alcohol vinyl), poly(vinyl alcohol-covinyloleate) copolymer, oligomeric hydrophilic polyethyleneimine block (92). The hydrophobic micellar nucleus can be made up of propylene oxide monomers, L-lysine, aspartic acid, b-benzoyl-L-aspartate, g-benzyl-L-glutamate, caprolactone, D, L-lactic acid, and spermine (95–99).

The main advantages of polymeric micellar nanoparticles as drug carriers are: increased water solubility of moderately insoluble drugs, increased bioavailability, capability to load micelles with 5 to 25% of the drug, reduced toxicity and adverse effects, the capability of small size micelles to facilitate drug accumulation in areas of the body with compromised vasculature, increased half-life in the blood after intravenous administration, and protection against the inactivation of biological medication agents (91, 92, 100).



Experimental Study

Parmar et al. (101) characterized micellar nanoparticles of nimesulide in vitro, solubilized in three block copolymers; PEO (polyethylene oxide), PPO (polypropylene oxide), and PEO. The micellar parameters of such copolymers were characterized using dynamic light scattering (to evaluate hydrodynamic diameter) and UV-VIS spectrophotometry (evaluating the critical micellar concentration and critical micellar temperature). The data showed that when nimesulide was used at a concentration of 0.045 mmol L−1 and 3,250 g mol−1 with different% TPEO = 30, 40, and 50%, respectively, in aqueous solutions, these copolymers showed a decrease in aggregates in a temperature of up to 30°C, maintaining a particle size of 15 nm. These data are in accordance with the ideal characteristics for its use as a nano-container of hydrophobic drugs.

Wang et al. (102), evaluated the anti-inflammatory profile of a delivery system of polymeric micelles modified by peptides loaded with low doses of methotrexate and nimesulide in a fixed dose combination. The micellar nanoparticulate system (5.6 µl/mg of both drugs) inhibited angiogenesis in SD rats (intravenously), and also reduced joint swelling, bone erosion, and serum levels of inflammatory cytokines (nanoparticle containing 0.6 mg/kg of methotrexate and 3.0 mg/kg of nimesulide). The polymeric micelles (25 and 65 nm) were prepared using the filming-rehydration method, with a combination of RGD-PEG3400-PLA2000 peptide preformed with copolymer (40 mg).




Lipid Nanoparticles


Liposomes

Liposomes are spherical vesicles of 0.05–5.0 µm in diameter formed by two layers, where the aqueous volume is surrounded by a membranous lipid bilayer composed of natural or synthetic phospholipids, such as cholesterols, non-toxic surfactants, sphingolipids, glycolipids, chain long fatty acids, and even membrane proteins (103–105). These liposomal systems can be encapsulated with lipophilic drugs and can be used in diseases such as cancer (103–105). They can also transport water and non-ionic substances, thus offering protection against oxidative wear, improving the stability of linked drugs and controlling the hydration of the molecule (103–105). Liposomes release the drug in a sustained way so as to improve its pharmacokinetics, reducing the dose necessary for a therapeutic effect and causing a decrease in toxicity. These formulations are also capable of directing the drug to specific sites of action, such as cancer cells, thus preserving healthy cells and optimizing therapy. However, this system has some limitations regarding its use, such as a short half-life, the oxidation of phospholipids, high production cost, and allergic reactions to constituents of the liposome (103–105).

Liposomal vesicles carry drugs using passive and active carrier techniques (103–105). Passive transport can be by three methods: mechanical dispersion (lipid hydration by manual agitation or freeze drying, micro emulsification, sonication, French pressure cell, membrane extrusions, dry reconstituted vesicle, freeze–thawed liposome), solvent dispersion (ethanol injection, ether injection, double emulsion vesicle, reverse phase evaporation vesicle, stable plurilamellar vesicle), and detergent removal (detergent removed from mixed micelles, column chromatography dialysis) (103–105).On the other hand, active loading can be done by mechanical dispersion, solvent dispersion, and detergent solubilization (103–105).

Liposomes can also be classified according to the structure (small unilamellar vesicle, large unilamellar, giant unilamellar, multilamellar, oligolamellar, multivesicular), preparation method (passive or active), composition (conventional liposome, fusogenic liposome, liposomes pH sensitive, cationic liposomes, long-circulating liposome, immunoliposome), and as conventional liposomes (stabilizing mixtures of natural lecithin, synthetic identical chain phospholipids, glycolipids containing liposomes) and specific liposomes (bipolar fatty acid, antibody-directed liposome, liposome linked to 3-methyl/methylene, liposome coated with carbohydrate, multiple encapsulated liposomes) (103–105).



Experimental Study

Ferreira et al. (106) quantified the extent of the interaction between liposomal nimesulide (50 µmol L−1 prepared by dry evaporation) and membrane phospholipids using parameters such as the partition coefficient (Kp) and egg phosphatidylcholine (EPC) as cell membrane models. The liposome/aqueous phase partition coefficients were determined under physiological conditions by derived spectrophotometry and fluorescence extinction. The two techniques produce similar results, in which the membrane surface is not altered, indicating that the liposomal nimesulide binds to the lipid bilayer mainly through hydrophobic interactions.

Studies carried out by Kumar et al. (107) characterized the liposomal drug release system for nimesulide (drug, 10 mg; lipid, 40–60 mg; cholesterol, 40–50 mg; and stearic acid, 10 mg) prepared using two methods: ethanol injection and technique rotary evaporator. Preparation using the injection method showed an average particle size between 270 and 703 nm, with the drug entrapment percentage varying between 49 and 58%, drug release between 65 and 71% and the zeta potential −21.23 mV. Using the rotary evaporation technique, the average particle size was 1–12 µm, drug entrapment percentage 69–86%, drug release 76.97%, and the zeta potential −26.78 mV. The rotary evaporator technique thus proved to be the best method for preparing liposomal nimesulide.





Solid Lipid Nanoparticles

Polymeric nanoparticle systems are produced from synthetic or natural polymers and initially emerged as an alternative for drug delivery; however, the shortage of safe polymers, the lack of regulatory approval, and the high cost of production limited the use of these nanoparticles in the pharmaceutical field (78, 81, 108). In order to overcome these limitations, solid lipid nanoparticles that were colloidal dispersions of submicron size (less than 1,000 nm) were launched on the market, where the liquid lipid matrix (oil) was replaced by a physiological solid lipid (waxes) (79, 81, 108, 109).

Solid liquid nanoparticles are formed by a mixture of solid lipids, emulsifiers, and solvent (78, 79, 110). The lipids used in these formulations are biocompatible, fully tolerated by the body, and can be triglycerides (tri-stearin, corn, olives, peanuts, soy oils, vegetable oils), fatty acids (stearic acid, palmitic acid), steroids (cholesterol), and waxes (cetyl palmitate) (78, 79, 110). Various emulsifiers and their combinations (poloxamer, polysorbates, lecithin, and bile acids) are used to stabilize dispersed lipids, preventing lipid clumping more efficiently (78, 79, 110). These nanoparticulate conveyors can be manufactured using various methods, such as the high hot and cold pressure homogenization technique (allows for large scale production), high speed ultrasound or homogenization, solvent emulsification/evaporation, microemulsion, spray drying, and double emulsion (78, 79, 110).

After preparing these nanoparticles, it is necessary to make the appropriate characterization for their quality control (82, 108, 110). The most important parameters to evaluate include particle size, size distribution kinetics (zeta potential), degree of crystallinity, and lipid modification (polymorphism), the coexistence of additional colloidal structures (micelles, liposomes, supercooled, melts, drug nanoparticles), process distribution time scale, drug content, in vitro drug release and surface morphology (82, 108, 110). Nanoparticulate carriers generally deliver the drug using two processes: active or passive delivery (111, 112).



Active Delivery Mechanisms

A tumor has a high rate of cell proliferation and a high demand for nutrients, causing an overexpression of transporters in order to nourish the tumor cells (111–113). Active delivery by nanoparticles is based on the recognition of target molecules on the surface of tumor cells as overexpressed receptors or transporters, redirecting the supply of drugs selectively to neoplastic cells, decreasing both damage to normal cells and side effects (111–113). In this mechanism, nanoparticles are designed to adhere to specific biological structures in tumors through the recognition of ligands attached to the surface (111–113).



Passive Delivery Mechanism

Passive delivery is based on the accumulation of the drug or the transport system with the drug at a target location (111–113). This process is possible due to the physicochemical characteristics inherent in the size of the nanoparticle and pharmacological factors related to cancer, such as tumor vasculature, the permeability and retention effect, and tumor microenvironment (111–113). Angiogenesis in the tumor environment favors the development of irregular blood vessels with discontinuous epithelium. This epithelial irregularity between cells (size between 100 and 800 nm), allows the displacement of nanoparticles through the interstitial space (111–113).

Tumor tissues are characterized by lymphatic dysfunction with insufficient drainage, enabling the accumulation of nanoparticles in the tumor cell (111–113). The transport of nanoparticles benefited by the permeability and retention process does not work for all types of tumors, because it depends on many factors, such as the type and size of the stomach tumor (111–113). Drug accumulation was greater in pancreatic, breast, colon and stomach tumors (111–113).



Experimental Study

Bondi et al. (111) described the preparation, physicochemical characterization, and in vitro antitumor activity of nimesulide solid lipid nanoparticles administered parenterally in human colorectal cancer HT-29 and SW-480 cells present in solid tumors. Four samples of nanoparticles loaded with the drug were prepared using palmitic acid (Sample A), stearic acid (Sample B), Compritol 888 ATO (sample C), and a mixture of Compritol 888 ATO and 20% Miglyol as the lipid matrix total lipid weight (Sample D).

Nimesulide nanoparticles were prepared using the precipitation technique, with Epikuron 200 and taurocholate sodium salt as surfactant and co-surfactant, respectively, because they are acceptable components through parenteral administration. All samples were characterized in terms of particle size, PDI (polydispersity index), and zeta potential. The results showed that all nanoparticles with the drug had an ideal size (colloidal size ranging from 93 to 170 nm) and were homogeneous, with very small PDI values and negative surface load values (111).

The load capacity (LC%) of nanoparticles, evaluated by dissolving the batch in chloroform and subsequent HPLC analysis of the solution, was 9.3, 8.7, 17.8, and 15.8% by weight, respectively. The results also showed that the survival of HT-29 and SW480 cells decreased in a dose-dependent manner in the presence of free nimesulide or nanoparticles loaded with the drug, demonstrating that nimesulide activity is not reduced in the presence of the nanoparticle carrier (111).

Pushpendra et al. (114) developed, characterized, and tested the solid lipid nanoparticles of nimesulide for their controlled release in vitro. The preparation of the nanoparticle was based on emulsification and the low temperature solidification method. Various formulations were prepared based on individual factors, such as agitation speed (500, 1,000, 2,000, and 3,000 rpm), agitation time (15, 30, 45, and 60 min), and formulation parameters (concentration of lecithin surfactant, concentration drug concentration and surfactant concentration) in trapping efficiency.

Ab agitation speed of 3,000 rpm resulted in nanodispersion, characterized by a spherical shape under photon correlation spectroscopy, with an average diameter of 187 ± 1.23 nm, and a trapping efficiency of approximately 60%. The concentrations of lecithin, drug, and sodium taurocholate (solid lipid) were optimized with respect to trapping efficiency, and optimum concentrations were 10, 10, and 0.8% respectively (114).

Drug release from the solid lipid nanoparticle appears to consist of two phases: an initial rapid release followed by a slower exponential stage. The results obtained in up to 2 h of study of the drug release in vitro were not considered, since the effect of the explosion does not correspond to the real drug release mechanism in solid nanoparticles (114).

Campos et al. (115) produced a formulation of solid lipid nanoparticles for carrying nimesulide using the high pressure hot homogenization (HPH) method. The optimized formulation was composed of 10% by weight of glyceryl behenate and 2.5% by weight of poloxamer 188, solid lipid and surfactant respectively. Immediately after production, the Z-ave of the nanoparticle carried with the drug (mean particle size) was 166.1 ± 0.114 nm, with a PI index of 0.171 ± 0.051, and an almost neutral zeta potential of −3.10 ± 0.166 mV.

The release profile of the particle with nimesulide followed a sustained pattern, with 30% of the drug released within 24 h. The cytotoxicity of both the free drug and the nanoparticle carrying nimesulide was tested in Caco-2 cells of human colon adenocarcinoma and demonstrated activity in the concentration of 100 μg/ml up to 48 h with a cell viability of 80%. Long-term stability studies have shown that both the free drug and the nanoparticle carrying nimesulide were physically stable, attributed to changes below 10% in TurbiscanLab® (instrument used to measure quality control parameters) (115).



Conclusion

Solid lipid nanoparticles have potential alternative for the treatment of pancreatic cancer, as they have the ability to interfere in the permeability of nimesulide at extra and intracellular levels. This improves the action of nimesulide in increasing the levels of PTEN expression and, consequently, inhibiting the processes of proliferation and apoptosis in PanIN lesions in the cells of the pancreas. Solid lipid nanoparticles are biocompatible lipids with low toxicity, which, in addition to maintaining the pharmacological activity of nimesulide, allow its administration through various routes, such as oral, intratumor, intravenous, and intradermal injection. They are also synthesized at low cost, and are a viable and commercially important alternative in the treatment of cancer.

To date, no experimental study has been carried out to evaluate the activity of these nimesulide nanopaths in regulating PTEN expression levels and inhibiting pancreatic cancer lesions. Preclinical studies such as in vitro and in vivo tests are therefore needed to clarify important aspects such as the effectiveness and toxicity of this nanoparticulate system. We thus conclude that these results are limited by the lack of experimental information about nimesulide in solid lipid nanoparticles allowing an effective and tolerated dose to be predicted and the most appropriate route of administration in pancreatic cancer therapy.
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