

  coatings-09-00628




coatings-09-00628







Coatings 2019, 9(10), 628; doi:10.3390/coatings9100628




Review



Benefits of Nanomedicine for Therapeutic Intervention in Malignant Diseases



Ani-Simona Sevastre 1,†[image: Orcid], Cristina Horescu 2,†, Stefania Carina Baloi 2, Catalina Elena Cioc 2, Bogdan Ionel Vatu 2, Cristian Tuta 2, Stefan Alexandru Artene 2, Maria Mihaela Danciulescu 2, Stefania Tudorache 2,* and Anica Dricu 2,*





1



Faculty of Pharmacy, University of Medicine and Pharmacy of Craiova, Str. Petru Rares nr. 2-4, Craiova 710204, Romania






2



Faculty of Medicine, University of Medicine and Pharmacy of Craiova, Str. Petru Rares nr. 2-4, Craiova 710204, Romania









*



Correspondence: stefania.tudorache@gmail.com (S.T.); anica.dricu@live.co.uk (A.D.); Tel.: +40-0351-443-500 (A.D.)






†



These authors contributed equally to this study.









Received: 29 August 2019 / Accepted: 26 September 2019 / Published: 29 September 2019



Abstract

:

Cancer remains one of the most difficult to manage healthcare problems. The last two decades have been considered the golden age of cancer research, with major breakthroughs being announced on a regular basis. However, the major problem regarding cancer treatment is the incapability to selectively target cancer cells, with certain populations of tumors still remaining alive after treatment. The main focus of researchers is to develop treatments that are both effective and selective in targeting malignant cells. In this regard, bioavailability can be increased by overcoming the biological barriers encountered in the active agent’s pathway, creating carrier vehicles that have the ability to target malignant cells and effectively release the active agent. Since its appearance, nanomedicine has provided many answers to these challenges, but still, some expectations were not satisfied. In this review, we focused on the most recent developments in targeted drug delivery. Furthermore, a summary of different types of nanoparticles used to deliver active therapeutic agents in oncology is presented, along with details on the nanodrugs that were clinically approved by the Food and Drug Administration (FDA), until April 2019.
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1. Introduction


Worldwide, cancer represents a global health crisis. Around 1,762,450 new cancer cases and about 606,880 cancer deaths are expected this year in the USA alone [1].



In recent years, new medications and treatment technologies were fueled by the development of the innovative research. The therapeutic options have steadily evolved from the classic options such as chemotherapy, surgery, and radiotherapy, which received constant updates, to newer, more refined options such as targeted therapy, stem cell transplant, and immunotherapy [2,3,4,5,6].



Despite this, each treatment option has its flaws and shortcomings, and more advanced approaches are required in order to overcome the mechanisms behind tumor treatment resistance.



Nanomedicine is an emerging field that started to offer some answers to those problems.



Nanocarriers have the ability to encapsulate drugs with low solubility, preventing a fast clearance and improving the bioavailability. The properties of nanotransporters allow them to target the tumor tissue and to release active ingredients in a stable and controlled manner [7]. The enhanced permeability and retention effect (EPR effect) of blood vessels allows nanoparticles (NPs) to accumulate inside the tumor, if they are not metabolized by the liver or spleen, nor excreted through the renal system [8].



Currently, a wide variety of organic and inorganic, viral and drug conjugated nanoparticles (NPs) are being investigated.



In this review, we will summarize the benefits and shortcomings of different types of nanoparticles used to deliver active therapeutic agents in oncology, along with details on the clinically approved nanodrugs.




2. Nanotechnology in Cancer Therapy


Generally, NPs are materials shaped in sizes ranging from 1 to 1000 nm. They can be classified according to several criteria. Based on the type of material, they can be divided into four categories: carbon-based nanomaterials (fullerenes, carbon nanotubes, carbon nanofibers, carbon black, graphene, and carbon onions), inorganic-based nanomaterials (Au, Ag, TiO2, ZnO, silicon or ceramics NPs), organic-based nanomaterials (liposomes, dendrimers, micelles and polymeric NPs), and composite-based nanomaterials [9,10,11,12]. Based on electron movement, NPs can be classified in 0D clusters and particles, 1D nanotubes and nanowires, or 2D nanoplates and layers [13]. Based on their origin, NPs can be natural, synthetic or engineered [14]. Depending on the type and structure of the nanomaterial, several models of nanoparticles can be obtained (Figure 1).



The most used NPs in oncology field are protein-drug conjugated, liposomal, polymeric and dendrimeric nanoparticles, hydrogels, carbon nanotubes, and gold and silver nanoparticles. In the last 30 years, extensive studies have focused on developing cancer nanosized pharmaceutical forms that are capable of overcoming the biological barriers and that can effectively transport the active principles to the targeted sites, with minimal harmful effects in healthy tissues [15]. Over time, several types of nanotransporters have been created, as it can be observed in the Figure 2.




3. Modeling Bioavailability—A Real Challenge in Oncology Research


A large number of studies have shown the capacity of nanoparticles to detect and kill cancer cells both in vitro (cell cultures) and in vivo (mouse models). Despite all that, the clinical use of nanoparticles is still limited because of the physical and biological barriers that they have to face after administration [16]. For example, the bioavailability of systemically administrated NPs is highly influenced by diffusion, aggregation, protein adsorption, flow and shear forces, renal clearance, and phagocytic sequestration [17,18,19].



Many factors can influence nanoparticle’s drug delivery, such as sizes, shape, surface chemistry, reactivity, encapsulation capacity, transport mechanisms, ability to escape the clearance systems [20]. They are outlined in the Figure 3.



Broadly, the size of nanoparticles ranges from 1 up to 1000 nm and it is a critical factor that influences blood circulation, which in turn is related to drug release and tumor accumulation and retention. The type of material is also important in establishing the delivery efficiency. For example, inorganic nanoparticles tend to provide a higher delivery efficiency than those made from organic materials (0.8% compared to 0.6% of the injected dose (ID) in mouse models) [21].



Along with the type of material used, the shape of the nanocarriers is a crucial factor in determining the pharmacokinetic behavior in vivo in terms of time of residence in the gastrointestinal tract and ability to overcome rapid clearance. For example, mesoporous silica rod nanoparticles orally administered in mice had a longer residence time in the gastrointestinal tract compared with the spherical nanoparticles and exhibited longer blood circulation than the spherical nanoparticles, which were cleared faster by the renal system [22].



The stability and distribution of nanocarriers in the blood are also affected by their charge. Tumor vessels are more effectively targeted by positive charged nanoparticles. After extravasation from tumor vessels, a better diffusion is achieved by using neutral charged nanocarriers, compared with the positive or negative ones [23]. Also, endocytosis and cellular uptake in tumor tissue can be improved by modeling the nanocarrier’s surface [24]. Neutral zeta potential-nanoparticles tend to have higher delivery efficiency than negative or positive zeta potentials-NPs (0.7%, 0.6% and 0.5%ID) [21].



The nanoparticles have the special ability to encapsulate different active drugs, improving several characteristics such as solubility, degradation rate, clearance, and targeting properties. Hydrophilic nanoparticles are used to encapsulate poor solubility drugs. Also, the nanoparticles characteristics can be upgraded with various modifications: coating, surface charge, functional groups or targeting moieties attachment. By coating them with polyethylene glycol (PEG), the stability and solubility of the nanoparticles—and therefore the bioavailability of the drug—is increased. In order to make them target specific, the surface may also be bound with different ligands (specific molecules for the over expressed cancer ligands such as glycans) [25].



NPs have different abilities to cross the barriers. By using different routes of administration, many types of molecule, and even particles, can be delivered across natural body barriers.



In the active agent’s route to the target site, it may encounter several biological barriers that can significantly influence the therapeutic effect, such as the reticuloendothelial system (RES), renal system and, for central nervous system (CNS) drugs, the blood-brain barrier (BBB) [26], but other challenges specific to each pathology are to be overcome. The extracellular and intracellular barriers are mentioned in the Figure 4.



Part of the immune system, the RES consists in phagocytic cells like monocytes and macrophages. By binding to nanoparticles, phagocytic cells trigger cytokine release, resulting in the faster removal of nanoparticles from systemic circulation. The nanoparticles clearance may also be increased by binding different types of macromolecules to their surface [27,28,29].



A solution to these problems would be to modify the surface of nanoparticles by the following methods: attaching zwitterionic ligands (cysteine, glutathione) or polyethylene glycol (PEG-ylation) [30], coating the surface with biocomponents derived from blood cells like erythrocytes and leukocytes [31] or providing spherical shapes that prevent interactions with endothelial cells [32].



In addition to particle recognition by the host immune system, the renal system is also important in nanoparticles (NPs) bioavailability. Besides shape, both the dimensions and the positive or negative charge of nanoparticles may influence the process of renal filtration. It has been demonstrated that the positive spherical nanoparticles, with a 6–8-nm diameter have a good renal clearance when inoculated in mice [22,33]. Even if they have a relatively large molecular mass, the nanotubes of L = 100–500 nm, Ø = 0.8–1.2 nm can easily pass through the fenestrated capillary endothelium [34]. In the case of kidney disease, the necessary dimensions may fluctuate.



The BBB is the main cause why treatments generally fail when directed at the brain. This barrier is constituted of endothelial cells joined by junctions and enclosed by basal lamina, astrocytic cells, pericytes, and microglia. The large-molecule neurotherapeutics cannot cross the BBB and only approximately 2% of small-molecule drugs can traverse it [35]. Therefore, treating neurological, infectious, and neurodegenerative diseases with systemic drugs is a daunting challenge due to the specific protective barriers found in the CNS.



Increasing penetration through the BBB is one of the most challenging problems. By direct introduction of the drug (intraventricular or intracerebral injection, infusion, and implantation), the toxicity risks may increase, and the drug is non-uniformly dispersed [29]. Other more convenient methods to treat brain diseases are emerging.



The nanoparticles can pass through the BBB by receptor-mediated endocytosis [36,37]. In this regard, surfactants like Tween 80 or Poloxamer 188 were used to coat nanoparticles to increase adsorption of serum proteins [38]. Human serum albumin-coated nanoparticles may be covalently attached to apolipoproteins to improve their absorption [39]. For the same purpose, lactoferrin, transferrin, and low-density lipoprotein (LDL) receptors were used as targeting ligands for the endothelial cells receptors in mice models [40,41,42]. Size and charge are important aspects for passing through the BBB, with nanoparticles with a size of 50 nm being preferential for transport in vitro using bEnd.3 model [43]. Also, the anionic and neutral nanoparticles were proven to be less neurotoxic than the cationic ones in an experiment involving murine models [44].



The mechanisms of distribution and the targeted delivery are two crucial aspects involved in optimizing NPs bioavailability. The transcellular extravasation is thought to be involved in NPs pathway. The vesiculo–vacuolar organelles (VVOs) contained in the normal venule and capillary endothelial cells are thought to offer a pathway for the extravasation of plasma components during induced acute vascular hyperpermeability [45]. Cancer tissues are characterized by leaky vasculature with many fenestrations and with low pericyte coverage. Because of the intercellular extravasation, nanoparticles may be passively accumulated in the tumor. This is due to the pressure generated by poor lymphatic drainage, also known as enhanced permeability and retention (EPR) effect. Because of this, fenestrated blood vessels tissues (liver, spleen) have high chances to accumulate NPs via passive targeting [46]. These features have been used to formulate high bioavailability pharmaceutical forms administered in different types of cancer [47]. The mechanisms of active and passive targeting are illustrated in the Figure 5.



Passive targeting is a size-dependent process, resulting from poor lymphatic drainage and of leaky vasculature. The enhanced permeation and retention (EPR) effect is the extravasation of particles in the tumor tissue, followed by their retention. Being foreign bodies, they are susceptible to be recognized by the mononuclear phagocyte system (MPS). However, by coating the nanoparticles with various materials such as PEG, the particles can escape the MPS capture. These drug delivery systems are referred to as stealth systems. Also, block copolymers can be used for surface modification of nanocarriers. One example is a product approved in 2007 in Korea and marketed in Europe, named Genexol-PM, a PEG-based block copolymer micellar formulation [48].



Active drug targeting approaches are much more complex than passive strategies. This type of targeting is based on the tumor cell membrane over-expressed receptors like transferrin and folic acid receptors, the tumor specific biomarkers like CA-125 for ovarian cancer, the phagocytosis/endocytosis mechanisms, and the specific processes like neoangiogenesis [49].



The nanoparticles have proven to be successful for controlled and targeted drug delivery. To overcome the aforementioned issues in brain cancer therapy, various nanotechnologies were employed. To increase the specificity for cancer targets, ligands attached to the surface of the nanocarriers were used for active targeting [50]. Such ligands are transferrin, antibodies, folic acid, enzymes, and macromolecules like proteins or carbohydrates [51,52,53,54,55]. In order to specifically target cancer cells, the nanoparticles surface may be optimized using different approaches, as it can be observed in the Figure 6.



SynerGene Therapeutics’ SGT-94 is a nanocarrier made of cationic liposomes encapsulating RB94 tumor suppressor gene coated with an anti-transferrin receptor (TfR) single-chain antibody fragment. Currently, this nano-sized pharmaceutical dosage form is featured in a Phase I trial in patients diagnosed with genitourinary tumors [49].



Also, the ability to respond to specific environmental stimuli was used to formulate smart dosage forms. The therapeutic agents may be released in a spatiotemporally controlled manner, by using stimuli-responsive NPs with high sensibility to specific microenvironment characteristics [56]. The intrinsic and extrinsic stimuli are mentioned in the Figure 7. These novel mechanisms for controlled drug delivery in cancer therapy are also stated as triggered-release mechanisms.



The EPR effect, on which the passive and active targeting is based, has a high biological variability, and therefore sometimes these strategies may fail. To overcome this problem, intravascularly triggered drug release was recently developed. It is based on spatial and temporal drug release control by using internal or external stimuli.



The stimuli involved in the triggered release are either endogenous (pH, enzymes, redox) or exogenous (temperature, sound, light).



An external magnetic field can be used to transport nanoparticles to tumor sites. Magnetic nanocarriers based on superparamagnetic Fe2O3/NiO functionalized with poly (vinyl alcohol), poly (ethylene oxide) and poly (methacrylic acid) (PMAA) and subsequently conjugated with doxorubicin were studied. A significantly enhanced release rate was observed under magnetic fields [57]. Recently, by using micelles of pentaerythretol poly (ε-caprolactone) and Fe3O4, superparamagnetic nanoparticles have been synthesized, achieving a controlled delivery of doxorubicine (DOX) [58]. Also, paclitaxel was delivered using magnetical driven nanoparticles, obtained by incorporating Fe3O4 in palmitoyl chitosan matrix [59].



The active ingredient can be released in a sustained or pulsed controlled manner, by applying a low intensity external electric field. Unlike other signals, electrical stimuli are easier to generate and control. In this regard, polypyrrole nanoparticles were loaded with therapeutic agents and then incorporated in injectable PLGA-PEG-PLGA hydrogel. The subcutaneous delivery of the drug was controlled by the application of a weak, external electric field [60].



Also, electric controlled NPs of poly(diethyl-4,4′-{[2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin -5-yl)-1,4-phenylene]bis(oxy)}dibutanoate) and poly(3,4-ethylenedioxythiophene) (PEDOT) loaded with 4-dodecylbenzenesulfonic acid and poly(4-styrenesulfonic acid-co-maleic acid) were obtained [61].



Chitosan–gold nanocomposites were designed as a pH and electric field responsive systems for a targeted and controlled delivery of 5-FU [62].



The development of new materials in oncology fosters the idea of synergistic heat and chemotherapy use, sustaining the development of photothermal-triggered nanotransporters. A synergistic effect of hyperthermia combined with chemotherapy was demonstrated in several studies by using near-infrared (NIR) irradiation. In one recent study, a magnetite nanocrystal core with polynucleotide shell was loaded 5-FU and anti-HER2 antibody. The tumor remission in vivo was promoted by synergistic effect of drugs combined with hyperthermia-induced ablation [63].



ThermoDox is a thermosensitive liposome loaded with doxorubicin. The mechanism is based on the following process. The phase transition starts when the temperature is rising, and the lipid bilayer of the liposome changes its shape, with doxorubicin being subsequently released. ThermoDox has been tested in a phase III clinical trial involving patients with hepato-cellular carcinomas [64].



Additionally, chitosan-functionalized MoS2 nanosheets were used as (NIR) photothermal-triggered nanotransporters [65].



Synergistic therapy that uses NIR laser irradiation combined with doxorubicin and irinotecan loaded graphene oxide (GO) has been developed to generate heat and to control the delivery of the active principles in breast cancer cells [66].



One study on micelles made of amphiphilic diblock copolymer, poly{γ-2-[2-(2-methoxyethoxy)-ethoxy]ethoxy-ε-caprolactone}-b-poly(γ-octyloxy-ε-caprolactone) and loaded with doxorubicin resulted in the efficient thermoresponsive delivery of DOX [67].



Photothermal therapy was also used with biodegradable plasmon resonant liposome gold nanoparticles, showing increased efficiency [68].



The specific features of cancer tissue are very important in determining NPs bioavailability. It is believed that NPs use the mother tumor vessels (first angiogenic blood vessels, derived from normal venules with abnormal plasma proteins hyperpermeability). Inside these tumour vessels, the blood viscosity is increased, determining the NPs to stagnate and, therefore, to accumulate [69]. Also, heterogeneity of the tumor microenvironment remains an important issue in the process of investigating enhanced NPs penetration [29]. For example, it was observed that higher delivery efficiencies tended to be displayed by orthotopic rather than heterotopic tumour models [21].



One of the remaining problems is the animal to human translation. For a 1.0% ID, the translation of cancer nanoparticles from mouse model to human use is problematic because of the high quantity necessary to be injected (technical aspects of production, physical stability, toxicicity) [21].



By using “nanoparticle” and “cancer” keywords in “Nature” search engines, it can be observed that there are only few studies published in 2019, compared to the large volume of results that these pharmaceutical forms promised. These recent studies are based on finding new strategies that overcome the NPs limitations (inefficient delivery, increased clearance rate, and unspecific targeting).



For example, a novel glioma-targeted nano-system with improved bioavailability was based on energy restriction therapy using menthol-modified albumin as carrier for the co-delivery of albendazole (Abz) and nano-silver on nude mice orthotopic glioma model (inoculated in the caudatoputamen). This study published in 2019 has been proven to suppress tumor growth without adverse effects [70].



Another recent study demonstrated the potential use of nanoparticles of mineral clay to modulate the adhesion between tumor cells and surrounding extracellular matrix [71].



Because of their low tolerability and permeability, currently used chemotherapeutics are not sufficiently effective to treat different types of cancer. Also, multidrug resistance (MDR) is still one of the biggest issues in cancer therapy, mainly due to inefficient drug delivery into the tumor cells, inefficient targeting and rapid removal from tumor cells by P-glycoprotein (P-gp) efflux pump, overexpressed in tumors. Yet, recent studies in the nanotechnology and bioengineering fields offer new approaches that could improve the safety and the efficacy in cancer therapy [72,73].




4. Achieved Objectives—FDA Approved Nanomedicines Used in Cancer Therapy


Since 1980, when the FDA approved the first medical device based on nanomaterials, commercialization of nanomedicines has been in a continuous growth. In 2017, the FDA released a draft guidance to accelerated approval [74].



Since 1990, more than 40 nanodrugs have been approved for clinical usage by the FDA [75], of which many are implemented in clinical practice [76]. They are mentioned in Table 1 and Table 2 respectively. Among these nanoplatforms, liposomal formulations as Doxil (marketed as Caelyx in Canada and Europe), Myocet and DaunoXome are well-known in current practice [77,78].




5. Limitations


One of the problems that must be overcome in the field of oncology is the development of effective treatments that have specificity and selectivity for tumor cells. In this regard, some solutions come from nanotechnology which seems to promise new cancer treatment options. Therefore, nano-sized pharmaceutical dosage forms with ability to deliver the active principle in a controlled manner and to the specific target were obtained. These delivery systems were investigated on animal models and those that presented satisfactory results, advanced further into the clinical study phases. In the end, only a few succeeded in being approved for usage in current guidelines [79].



Research shows that molecular targeting fields come with many advantages that prove to be very well combined with those of nanomedicine: active targeting moiety, real-time in vivo imaging, controlled drug release, active targeting and real-time monitoring [80,81]. However, there are many issues that have not yet been resolved. The current principles used for NP targeting have not led the desired clinical results. The causes of poor delivery efficiency may originate both into tumour biology (transport mechanisms, EPR effect) and into competing organs (renal and mononuclear phagocytic systems). For example, an analysis performed by Wilhelm et al. 2016, revealed that only 0.7% of the injected dose (ID) of nanoparticles reached the solid tumour in a mouse model and that efficiency did not improve, even 10 years later [21].



To a certain extent, technical aspects restrict the clinical implementation of nanomedicine, such as: the small number of relevant in vivo/ex vivo models, specific to the nanodrugs administration pathways; the small number of in silico models to be used to extrapolate toxicology data; not enough information about in vivo interactions between nanomaterials and biomolecules; not enough pharmacokinetic data of and in vitro/in vivo correlation concerning nanodrugs; low number and low standardization of validated in vitro test protocols [82,83].




6. Conclusions


Data from the literature suggest that nanoparticles have potential in diagnosis and therapy for several cancer types, due to their small size and their highly modifiable physical, chemical, and biological properties. In addition, by enhanced targetability, nanoparticles also enhance cytostatics penetration of biological barriers, making the therapy more specific and efficient. Unfortunately, the progresses in this area have been below the initial expectations. Despite the major investments made in this area and the promising results in treating tumours using mouse models, these advantages of nanoparticles have been overshadowed by the lack of translation to human patients. Although some of these materials have not been successful upon their clinical translation, several new and promising materials that are currently under development show great promise, thereby providing hope for new treatment options in the near future.



The potential therapeutic value of nanomedicine is huge as several functions for drug delivery and imaging can be simultaneously incorporated. Examples include multistep cancer targeting strategies and multimodal imaging agents, as described above. With the additional consideration of using nanoparticles to engineer targeting cells like MSCs, or using targeting MSCs to deliver nanoparticles, even more potential treatment paradigms are possible. Nanotechnology can allow researchers to develop novel strategies for delivering drug cargos and imaging agents, while also making good use of their chemical flexibility to modify and functionalize nanoparticles, which may lead to a more comprehensive therapy for cancer.
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Figure 1. Illustrative representation of the different types of nanopharmaceuticals. 
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Figure 2. Evolution of nanocarriers. 






Figure 2. Evolution of nanocarriers.



[image: Coatings 09 00628 g002]







[image: Coatings 09 00628 g003 550] 





Figure 3. Factors influencing drug delivery from nanoparticles. 






Figure 3. Factors influencing drug delivery from nanoparticles.



[image: Coatings 09 00628 g003]







[image: Coatings 09 00628 g004 550] 





Figure 4. Biological barriers. 
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Figure 5. Mechanisms in drug delivery. 
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Figure 6. Different approaches to modify surfaces of nanoparticles (NPs) to target cancer cells. 
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Figure 7. Types of stimuli. 
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Table 1. Currently approved nanomedicines in clinical use.
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Year of Approval

	
Type of Nanocarrier

	
Commercial Name/Producer

	
Indications






	
Synthetic Polymer Nanoparticles




	
1990

	
PEGylated adenosine deaminase enzyme

	
Adagen®/

pegademase bovine

-Sigma-Tau

Pharmaceuticals

	
Severe combined immunodeficiency disease (SCID) due to adenosine deaminase (ADA) deficiency




	
1994

	
Polymer-protein conjugate PEGylated l-asparaginase

	
Oncaspar®/INN-pegaspargase-EnzonPharmaceuticals

	
Acute lymphoblastic leukaemia




	
1996

	
Random copolymer of l-glutamate, l-alanine, l-lysine and l-tyrosine

	
Copaxone®/

Glatopa/glatiramer–Teva

	
Relapsing forms of multiple sclerosis




	
2000

	
Poly(allylamine hydrochloride)

	
Renagel®

[sevelamer HCl]/

[sevelamer carbonate]

-Sanofi

	
Chronic kidney disease




	
2001

	
PEGylated IFN alpha-2b protein

	
PegIntron®/INN-peginterferon alpha-2b-Merck

	
Chronic Hepatitis C




	
2002

	
Leuprolide acetate and polymer [PLGH(poly(dl-lactide-coglycolide)]

	
Eligard®-Tolmar

	
Advanced prostate cancer




	
2002

	
PEGylated IFN alpha-2a protein

	
Pegasys®-Genentech

	
Hepatitis B and C




	
2002

	
PEGylated GCSF protein

	
Neulasta®/pegfilgrastim-Amgen

	
Prevention of Chemotherapy-induced Neutropenia




	
2003

	
PEGylated HGH receptor antagonist

	
Somavert®/pegvisomant–Pfizer

	
Acromegaly




	
2004

	
PEGylated anti-VEGF aptamer (vascular endothelial growth factor) aptamer

	
Macugen®/Pegaptanib-Bausch&Lomb

	
Neovascular (wet) age-related macular degeneration (AMD) in adults




	
2007

	
Chemically synthesized ESA (erythropoiesis-stimulating agent)

	
Mircera®/Methoxy PEG glycol-epoetin β-Hoffman-LaRoche

	
Anemia associated with chronic kidney disease




	
2008

2009

2013

	
PEGylated antibody fragment (Certolizumab)

	
Cimzia®/

Certolizumabpegol-UCB

	
Chron’s disease, rheumatoid arthritis, active psoriatic arthritis, active ankylosing spondylitis




	
2010

	
Polymer-protein conjugate (PEGylated porcine-likeuricase)

	
Krystexxa®/pegloticase–Horizon

	
Chronic gout




	
2014

	
Polymer-protein conjugate (PEGylated IFNbeta-1a)

	
Plegridy®-Biogen

	
Relapsing remitting multiple sclerosis




	
2015

	
Polymer-protein conjugate (PEGylated factor VIII)

	
Adynovate-Baxalta

	
Hemophilia A




	
Liposomes




	
1995

2005

2008

	
Liposomal doxorubicin

	
Doxil®/Caelyx™-Janssen

	
Karposi sarcoma, ovarian cancer, Multiple myeloma




	
1995

	
Liposomal amphotericinB lipid complex

	
Abelcet®-Sigma-Tau

	
Invasive fungal infections in patients who are refractory to or intolerant of conventional amphotericin B




	
1996

	
Liposomal daunorubicin

	
DaunoXome®-Galen

	
Karposi sarcoma




	
1996

	
Liposomal cytarabine

	
DepoCyt©-Sigma-Tau

	
Lymphoma




	
1997

	
Liposomal amphotericin B

	
AmBisome®-Gilead Sciences

	
Fungal infection in febrile, neutropenic patients




	
1999

	
Liposome-proteins SP-band SP-C

	
Curosurf®/Poractantalpha -Chieseifarmaceutici

	
Rescue treatment of Respiratory Distress Syndrome (RDS) in premature infants




	
2000

	
Liposomal verteporfin

	
Visudyne®-Bauschand Lomb

	
Subfoveal choroidal neovascularization due to age-related macular degeneration




	
2004

	
Liposomal morphine sulphate

	
DepoDur®-Pacira Pharmaceuticals

	
Treatment of pain following major surgery




	
2012

	
Liposomal vincristine

	
Marqibo®-Onco TCS

	
Treatment of adult patients with Philadelphia chromosome-negative (Ph-) acute lymphoblastic leukemia (ALL) in second or greater relapse or whose disease has progressed following two or more anti-leukemia therapies




	
2015

	
Liposomal irinotecan

	
Onivyde® Merrimack

	
Pancreatic cancer




	
Micelles




	
2003

	
Micellar estradiol

	
Estrasorb™-Novavax

	
Moderate to severe vasomotor symptoms associated with menopause




	
Protein NPs




	
1999

	
Engineered protein combining L-2 and diphtheria toxin

	
Ontak®-Eisai Inc

	
T-Cell lymphoma




	
2005

2012

2013

	
Albumin-bound paclitaxel NP

	
Abraxane®/ABI-007–Celgene

	
Breast cancer, non-small cell lung cancer, pancreatic cancer




	
Nanocrystals




	
2000

	
Sirolimus

	
Rapamune®-Wyeth

Pharmaceuticals

	
Immunosupressant




	
2001

	
Megestrol acetate

	
MegaceES®-Par Pharmaceuticals

	
Anorexia




	
2002

	
Metyhlphenidate HCl

	
Ritalin LA®-Novartis

	
Attention Deficit Hyperactivity Disorder




	
2002

	
Tizanidine HCl

	
Zanaflex®-Acorda

	
Muscle relaxant




	
2002

2015

	
Morphine sulfate

	
Avinza®-Pfizer

	
Narcotic pain reliever




	
2003

	
Calcium phosphate

	
Vitoss®-Stryker

	
Bone graft substitute




	
2003

	
Aprepitant

	
Emend®-Merck

	
Antiemetic agent




	
2003

	
Hydroxyapatite

	
OsSatura®

IsoTis Orthobiologics

	
Bone substitute




	
2004

	
Fenofibrate

	
Tricor®-Lupin Atlantis

	
Hyperlipidemia




	
2004

	
Hydroxyapatite

	
Ostim®-Heraseus Kulzer

	
Bone substitute




	
2005

	
Dexamethyl-phenidate HCl

	
Focalin XR®-Novartis

	
Attention Deficit Hyperactivity Disorder (ADHD) as mental stimulant




	
2005

	
Hydroxyapatite

	
NanOss®-Rti Surgical

	
Bone substitute




	
2009

	
Hydroxyapatite

	
EquivaBone® Zimme-Biomet

	
Bone substitute




	
2009

2014

	
Paliperidone Palmitate

	
Invega®Sustenna®-Janssen Pharms

	
Schizoaffective disorder




	
2014

	
Dantrolene sodium

	
Ryanodex®-Eagle Pharmaceuticals

	
Malignant hyperthermia




	
Inorganic/Metallic NPs




	
1995

	
Iron dextran (low MW)

	
INFeD®-Sanofi Avertis

	
Iron-deficiency anemia




	
1996

	
SPION coated with dextran

	
Feridex®/Endorem®-AMAG pharmaceuticals

	
Imaging materials




	
1997

	
Iron dextran (high MW)

	
DexIron®/Dexferrum®-Sanofi Avertis

	
Iron deficiency anemia, hemodialysis-induced




	
1999

	
Sodium ferric gluconate

	
Ferrlecit®-Sanofi Avertis

	
Iron deficiency anemia in adult patients and in pediatric patients age 6 years and older with chronic kidney disease receiving hemodialysis who are receiving supplemental epoetin therapy




	
2000

	
Iron sucrose

	
Venofer®-Luitpold

Pharmaceuticals

	
Iron deficiency anemia in patients with chronic kidney disease




	
2008

	
SPION coated with dextran

	
GastroMARK™/umirem®-AMAG pharmaceuticals

	
Imaging materials




	
2009

	
Ferumoxytol SPION with poly glucose sorbitol carboxy methylether

	
Feraheme™/ferumoxytol-AMAG pharmaceuticals

	
Iron deficiency anemia in patients with chronic kidney disease




	
2010

	
Iron oxide

	
Nanotherm®-MagForce

	
Hybrid species
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Table 2. Nanomedicines approved in oncology.
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	Year of Approval
	Type of Nanocarrier
	Active Principle-

Commercial Name
	Indications





	1994 (Japan)
	Polymer protein conjugate
	Styrene maleic anhydride

neocarzinostatin

(SMANCS)-

Zinostatin stimalamer
	Renal and hepatic cancer



	1996
	Iron oxide NPs
	Ferumoxides–Feridex
	i.v. administration as an adjunct to MRI (in adult patients) to enhance the T2 weighted images used in the detection and evaluation of lesions of the liver that are associated with an alteration in the RES



	1995 (FDA)

1996 (EMA)
	Liposome (PEGylated)
	Doxorubicin-Doxil/Caelyx
	HIV-associated Kaposi’s

sarcoma, ovarian cancer,

metastatic breast cancer,

multiple myeloma



	1996 (FDA)
	Liposome (non-

PEGylated)
	Daunorubicin-DaunoXome
	HIV-associated Kaposi’s

Sarcoma



	1998 (Taiwan)
	Liposome
	Doxorubicin-Lipo-Dox
	Kaposi’s sarcoma, breast

and ovarian cancer



	1999 (FDA)
	Liposome
	Cytosine arabinoside

(cytarabine)–DepoCyt
	Neoplastic meningitis



	2000 (EMA)
	Liposome
	Doxorubicin-Myocet
	Breast cancer



	2005 (FDA)

2008 (EMA)
	Nanoparticle albumin

Bound
	Paclitaxel-Abraxane
	Advanced non-small-cell

lung cancer, metastatic

pancreatic cancer, metastatic

breast cancer



	2006 (FDA)
	PEG protein conjugate
	l-Asparaginase–Oncaspar
	Leukemia



	2007 (South Korea)
	PEG-PLA polymeric

Micelle
	Paclitaxel-Genexol-PM
	Breast cancer, Lung cancer,

Ovarian cancer



	2002
	Polymeric NP
	Leuprolide acetate–Eligard
	Prostate cancer



	2009 (EMA)
	Liposome (non-

PEGylated)
	Mifamurtide–MEPACT
	Osteosarcoma



	2010 (EMA)
	Iron oxide nanoparticle
	NanoTherm
	Glioblastoma



	2012 (FDA)
	Liposome (non-

PEGylated)
	Vincristine-Marqibo
	Philadelphia chromosome

negative acute lymphoblastic

leukemia



	2015 (FDA)
	Liposome (PEGylated)
	Irinotecan/MM-398–Onivyde
	Metastatic pancreatic

cancer
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