Background

There is an increasing interest in studying the field of drug delivery. This is because most medications, if not delivered to the site of disease, will cause damage to healthy cells. For example, in the treatment of cancer, most medications used treat tumors by interrupting the cell replication process. If not targeted, healthy cell replication needed for growth and tissue regeneration will be disrupted, leading to side effects such as weight and hair loss associated with chemotherapy. It is therefore necessary to find ways to deliver drugs to diseased cells, with minimal exposure of healthy cells.

Another permanent challenge in administering most drugs is the issue of biocompatibility. The immune system recognizes most drug molecules as foreign objects, thus eliminates them from the bloodstream before they reach sites of disease, therefore there is need to modify them in a way that increases their half life in the body. Some drugs, such as insulin, are easily degraded by enzymes in the digestive system if orally ingested without a shield, hence the importance of a protective shell that can be easily formulated in the form of nanoparticles [1].

A large percentage of nanoparticles used in drug delivery are natural molecules, such as proteins and polysaccharides. Most of them are already in the body, so biocompatibility is very high. There are other FDA approved polymers such as Poly(lactic) acid, poly(galactic) acid and their co-polymer, Poly(lactic-co-glycolic acid) which are also under increasing study for drug delivery due to their high solubility, biodegradability and response to stimuli such as pH in vivo [2].

History

Polymeric nanoparticles became more popular in the late 1960s, when Frank Davis invented the concept of PEGylation, which involved conjugating a poly(ethylene) glycol molecule to drugs to improve circulation and stability in vivo. In the early 1975, professor Helmut Ringsdorf, sketched a drug conjugate made with poly(hydroxypropyl methacrylamide) and drugs such as doxorubicin and it was synthesized in collaboration with Ruth Duncan and James Cassidy in Prague. In 1984, the Japanese scientist Hiroshi Maeda discovered the Enhanced Permeation and Retention Effect (EPR). He discovered that the vasculature in tumor cells was not completely developed, therefore they were leaky and nanoparticles could easily accumulate in tumor cells hence most targeted drug delivery systems, up to this date, are designed for the treatment of tumors. The late 1980s and early 1990s saw the advent of micelles and liposomes as drug delivery nanoparticles. In 1995, Martin Woodle and Frank Martin’s  liposomal formulation, involving PEG and doxorubicin, a cancer drug in the form of a product called Doxil was approved by the FDA. [3] In the 2000s, the protein based nanoformulations were adopted, with Abraxane, a drug comprised of albumin ecapsulated placlitaxel for cancer treatment being FDA approved in 2005 for treatment of breast cancer. In 2013, it was approved for treatment of pancreatic cancer [4].


Polymeric Micelles

The study of polymeric micelles in drug delivery has been of increasing interest due to their advantages such as increased serum stability in the blood [1] and efficiency in transporting hydrophobic drugs. Because of their highly hydrophobic interior, micelles can fully encapsulate hydrophobic molecules and easily navigate the body’s aqueous transport environment with their hydrophilic exterior, as shown in figure 1. 
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Micelles have been shown to successfully transport protein based drugs, such as bortezomib, a dipeptidyl boronic acid derivative used in treating multiple myeloma as a proteasome inhibitor drug in cancerous cells [2]. Proteasome inhibitors disrupt cell growth and differentiation therefore they must be delivered specifically to tumor cells, to prevent damage to healthy cells. Most peptide-based drugs easily lose their activity due to in vivo oxidation and have very poor bioavailability. Encapsulation in micelles helps reduce these challenges by providing a protective shell and targeted delivery in response to triggers such as pH and temperature [1]                                               Figure 1-A micelle with hydrophilic  and hydrophobic parts




[bookmark: _GoBack]The main advantage in the application of polymeric micelles in cancer treatment is the enhanced permeation (EPR) and retention effect, where Nanomolecules are easily entrapped within tumor cells which lack lymphatic drainage and considered ‘leaky’ [3] Because normal cells have an excellent drainage system, drug carrying micelles will not accumulate in them, further enhancing targeted delivery. The delivery of drugs through taking advantage of EPR in tumor cells is passive targeting, and it is further illustrated on below which shows the drug loaded micelles passing [5]. 

[image: ]Fig. 2 illustrating passive targeting, where nanoparticles accumulate in tumor cells due to the enhanced permeation and retention effect [3].


Polymeric micelles are usually comprised of micelles and other linear co-polymers, such as linear poly(ethylene) glycol(PEG) and polyaminoacids such as poly(hydrazinyl)aspartamide. The linear polymers are conjugated with drug molecules through covalent bonding. The drug-polymer complex is then introduced into micelles through simple self assembly in aqueous media, which is usually water. Figure 2 illustrates drug delivery including with a polymeric micelle [2]. MG132 is a peptide aldehyde used in protein inhibition. Research has shown successful loading of MG132, with a loading efficiency of up to 75%. Polymeric micelles have been shown to successfully transport cisplatin and paclitaxel in animal studies. Clinical trials are currently underway to fully adopt them in targeted delivery of cisplatin in cancer therapy [2].











[image: ]Polysaccharides as drug eluting polymers

Chitosan is a naturally occurring cationic aminopolysaccharide which is obtained from the  deacetylation of chitin, a carbohydrate based polymer. It is composed of N-acetylglucosamine and glucosamine, linked through a 1-4 glycosidic linker[1]. Chitosan’ s main molecular chain is hydrophilic, but also possesses hydrophobic behavior due to the presence of N-acetyl groups as a result, it tends to form aggregates difficult to dissolve in neutral conditions. Because of the presence of amino groups, chitosan is a natural polyelectrolyte therefore it can easily dissolve in acidic conditions [6]. As a result, chitosan can be easily applied in pH sensitive drug delivery, especially in the treatment of cancer, since tumor sites are acidic. Chitosan adheres to mucosal surfaces and can penetrate tight junctions, which makes it an excellent drug-eluting polymer. [1]Chitosan has been successfully used to orally deliver insulin, which is easily digested by enzymes in the gut before it can make it to the bloodstream [6]. Chitosan can easily form micelles, via self assembly due to its hydrophobic and hydrophilic compositions. This characteristic enhances its use as a delivery polymer for hydrophobic drugs.
Hyaluronic acid (hyaluronate)  is a naturally occurring polysaccharide, present in the extracellular matrix in the human body. It is highly soluble and can be easily modified for drug delivery, especially through conjugation with drug molecules and proteins. Hyaluronate has a very high water retention capacity; as a result it is popularly used in skin regeneration therapy, and is available commercially in anti aging creams from companies such as instaNatural. Hyaluronate has been successfully used in the controlled, slow release of Vitamin E for wound healing, as shown in Figure 4. Hyaluronic acid is applied in the synthesis of the nanoparticle itself, together the cationic lipid dioctadecyldimethylammonium bromide (DODMA) and lecithin. Hyaluronic acid is also incorporated in the synthesis of the polymeric film that holds the suspended nanoparticles, together with aloe vera extract as shown in Figure 4. 
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Fig. 4 Hyaluronate nanoparticles and their incorporation into a thin polymeric film [7]



Hyaluronate is negatively charged, therefore it binds to the polar head of lipids through attractive electrostatic interactions, while the hydrophobic portions of lipids are interacting with the lipophilic vitamin E. This is how the core shell of most particles involving hyaluronate and lipids are formed [7].
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Fig 5- the steady release of Vitamin E from hyaluronate based nanoparticles in over time [7]

 

















Protein based drug eluting polymers

Apart from their bioactivity, proteins have been increasingly under study for their application in drug delivery, especially in cancer treatment. Because of the protein abundance in the body, proteins are highly biocompatible. Albumin based nanoparticle carriers are currently being studied, after the FDA first approved Abraxane, albumin bound placitaxel for treatment of breast cancer in 2005. Abraxane was the first nanoparticle albumin bound technology developed by VivoRx in 1993 and is currently owned and produced by Bristol-Myers Squibb [4]. Placitaxel is a hydrophobic drug used in the treatment of ovarian, breast lung and other cancers. Because of its insolubility, It has a low bioavailability, of only 6.5% when orally ingested [10] hence the need of a drug carrier system.

Synthesis

The albumin-bound nanoparticle technology, developed first by Abraxis Bioscience is used in the safe, solvent free synthesis of nanoparticles[9]. Albumin is used to transport cancer drugs such as placitaxel and doxirubicin, as well as tumor necrosis factor apoptosis inducing ligands [10].  In placitaxel delivery, albumin is not covalently bound to placitaxel, but rather through hydrophobic interactions. The placitaxel nanoparticles are in a non-crytalline state, allowing for a speedy release in vivo. The albumin-placitaxel molecule is then added to an 0.9% sodium chloride solution, before being injected into the body.

 In vivo delivery, especially in the treatment of cancers, is enhanced by SPARC (Secreted Protein, Acidic and Rich in Cysteine), a secreted glycoprotein that is overexpressed by most tumor cells and has the ability to bind to albumin [9]. Albumin has been proved to show a steady release when studied in mice [10].


Apart from albumin, other peptide-based polymers are also used in drug delivery. One commonly used FDA approved polymer is poly-L-glutamic acid (PGA), a highly charged polyanionic peptide. PGA binds to most drug molecules through covalent bonding PGA is advantageous because it is degraded to become poly(glutamic) acid, which easily enters cell metabolism. It is also highly soluble, even when conjugated up to 40% [11]. In the transport of placlitaxel, PGA is bonded to placlitaxel through an ester linkage on a carboxylic acid side chain on PGA. Fig 3 shows an example of one of the covalent bonds formed [11].
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Figure 6-An ester linkage between placlitaxel and PGA


The release mechanism for most of the peptide bound drugs in cancer treatment is through endocytosis. Because of the EPR effect, these large molecules will selectively target cancer cells, which are more permeable and have a high paucity which supports retention[3]. Upon arrival on the tumor site, the drug-polymer conjugate is absorbed through endocytosis, followed by intracellular release of the drug through the breakdown of the peptide backbone by lysozyme, as shown in fig blah 9 again [11].

Nanogels in drug delivery

Polylactic acid (PLA) , poly-glycolic acid (PGA) and their copolymer Poly(lactic-co-glycolic acid) (PLGA) and Poly(ethylene)glycol are the most commonly used polymers in drug delivery. They are among the few FDA approved formulations due to excellent biocompatibility.

PLGA is easily broken down to give lactic acid and galactic acid, that are metabolized by the body in the Krebs cycle hence it is associated with low toxicity and great biocompatibility. 
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Fig 7. The metabolic breakdown of PLGA






Formulation of PLGA nanoparticles
The emulsification-solvent evaporation technique is often used in preparing PLGA nanoparticles. With this technique, the polymer and the compound are dissolved in an organic solvent such as dichloromethane. Encapsulation of hydrophobic drugs then follows. To prepare the emulsion oil in water,  water and a surfactant, for example polysorbate-80 are added to the polymer solution. Sonication or homogenization are the two most commonly used methods for inducing nanosized particle formation. The solvent is then evaporated or extracted and the nanoparticles collected after centrifugation. Other techniques such as spray drying can also be incorporated in the place of evaporation.  [12].

The most promising application of PLGA based nanoparticles is in the delivery of drugs across the blood brain barrier, which is the most difficult to penetrate.  Research has shown that PLGA, because of its chemical structure can be conjugated to glycoproteins such as Lactoferrin, which have receptors on the blood brain barrier. Urocortin, a crucial molecule in combating parkinson's disease was successfully delivered to the brain through the combined use of both PLGA and Lactoferrin [13]. 

The body generally tends to treat hydrophobic molecules as foreign, hence there is need to coat hydrophobic drugs with hydrophilic molecules, hence the adoption of poly(ethylene) glycol, another FDA approved biopolymer for drug delivery. PEG improves the half life of drugs significantly, and solves the challenge of high burst release associated with the use of PLGA alone. Fig blah shows a PEG molecule, which can be easily incorporated into drug molecules due to the reactivity of both the ether and hydroxyl groups on the molecule. Furthermore, PEG forms conjugates with acid sensitive linkers, such as blah 1 before a PEGylation with any drug molecule. As a result, it can be used in the cancer targeting, for example in the transport of doxorubicin.
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Fig 8- Molecular structure of PEG


Because PEG is known mostly for improving circulation time and shielding molecules from degradation, it is usually used in combination with other drug carrier systems, such as liposomes, as shown in fig blah

Costs and Funding

It is difficult to assign a specific market price to the polymeric nanoparticle industry. This is because of the diversity of polymers and diseases that they cure. Nanoparticles are used in a wide variety of health applications such as protein delivery, gene therapy, chemotherapy, lung, liver and brain diseases.  Cancer research spending alone reached 100Billion worldwide in 2014, according to the IMS Institute for Healthcare Informatics, much of it being generally provided by the National Health Institute for research conducted in the United States.

Challenges 
 
Regardless of the advantages posed by most drug eluting polymers, there are still some problems that still need to be overcome.  PLGA, regardless of its minimal toxicity, has very low drug loading capacity [14] . PLGA also has the problem of high burst release, which makes it difficult in a lot of cases to reach target cells. Most  synthesis methods used, such as sonication and ultracentrifugation are still challenging to scale up on an industrial level. Polymers such as PEG, though biocompatible are non biodegradable therefore pose toxicity threats in high concentrations and molecular weights. In the formulation of most drug-nanoparticle complexes, some of the reagents such as dichloromethane that are used are toxic and may induce inflammation in the body.
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