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There has been a revolution in nanotechnology and nanomedicine. Since 1980, there has been a remark-

able increase in approved nano-based pharmaceutical products. These novel nano-based systems can ei-

ther be therapeutic agents themselves, or else act as vehicles to carry different active pharmaceutical

agents into speci�c parts of the body. Currently marketed nanostructures include nanocrystals, liposomes

and lipid nanoparticles, PEGylated polymeric nanodrugs, other polymers, protein-based nanoparticles and

metal-based nanoparticles. A range of issues must be addressed in the development of these nanostruc-

tures. Ethics, market size, possibility of market failure, costs and commercial development, are some topics

which are on the table to be discussed. After passing all the ethical and biological assessments, and satisfy-

ing the investors as to future pro�tability, only a handful of these nanoformulations, successfully obtained

marketing approval. We survey the range of nanomedicines that have received regulatory approval and

are marketed. We discuss ethics, costs, commercial development and possible market failure. We estimate

the global nanomedicine market size and future growth. Our goal is to summarize the different approved

nanoformulations on the market, and brie�y cover the challenges and future outlook.
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Nanomedicine

The term ‘nanotechnology’ first came to wide public prominence in a 1986 book by K. Eric Drexler entitled

‘Engines of creation: the coming era of nanotechnology’ [1]. The concept was based on an idea first propounded

by Nobel laureate Richard Feynman in a presentation he gave in 1959 entitled ‘There’s Plenty of Room at the

Bottom’ [2]. The first proposed applications of nanotechnology involved chemical synthesis by the application of

nanoscale machines, and information storage at the atomic level [3]. Since then, nanotechnology has been applied

in diverse fields such as waste water treatment [4], textile industry [5], high performance batteries [6], biology [7] and

medicine [8]. In medical applications, nanotechnology has led to significant improvements in cancer therapy [9],

diagnostic imaging of diseases [10], tissue engineering [11] and most importantly in drug and gene delivery systems [12].
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Today, the application of nanotechnology in biomedical sciences and healthcare as a whole, has come to be

called ‘nanomedicine’ and is considered a hot growth area of nanotechnology [13,14]. Over the past few decades,

the US FDA has approved commercialization of 100 nanomedicine applications and products [15]. This shows

that nanotechnology is playing an immense role in today’s biomedical science [16,17]. Consequently, the US federal

authorities have provided more than $1.4 billion funding for the National Nanotechnology Initiative, which

confirms the importance of nanotechnology [18]. Nanotechnology has attracted a huge attention around the world.

According to a recent report by Forbes, nanotechnology is one of the fifth biggest growth technologies to watch over

the coming decade. As a result of this growing interest, a thorough review of the currently approved nanomedicines

seems to be timely [19].

There have been many different articles and review papers, covering the future landscape of nanotechnology in

medical applications [20]. Although, about 100 nanomedicines have been approved by the FDA [15], there has not

been sufficient description of the current market trends in this field. Herein, the most recent nanomedicine agents

and the market trend along with the major challenges of conventional drug-delivery systems (DDSs) are addressed.

The most important advantages and disadvantages of nanotechnology in pharmaceutical applications, the common

nanocarriers, which are used for medical applications, the already commercialized nanomedicines, and the global

market size of nanopharmaceuticals are reviewed. Finally, the current market trends, and the challenges on the way

of nanomedicines to enter to the market are briefly discussed.

Nanotechnology plays a significant role in the field of medicine and drug delivery, mainly due to the major

limitations and problems that affected conventional pharmaceutical agents, and older formulations and delivery

systems. One of the important problems of conventional DDSs is the difficulty in removing the residual parts of such

systems, thus leaving nonbiodegradable material within the patient’s body, which can cause toxicity [21]. Likewise,

most of the conventional DDSs have a high initial burst of drug release immediately after drug administration,

and moreover the drug solubility in conventional DDSs tends to be low [12]. In here, nanopharmaceuticals can

be promising solutions for the above-mentioned problems [22]. In comparison with conventional DDSs, drug

administration using nanoparticles (NPs) has several advantages, which are listed below:

• NPs are much smaller than the basic material unit of conventionally formulated drugs. Attaching small-molecule

therapeutic agents to these small nanocarriers will form overall nanodrugs [23].

• Nanoformulation of drugs is one strategy to deliver pharmaceutical agents more precisely to the targeted tissue

and reduce the overall dose and potentially toxic side effects [24].

• The enhanced permeability and retention (EPR) effect can allow passive targeting and accumulation of nanosized

drugs at malignant tumors and other pathological sites [23].

• Nanosized formulations, in comparison with conventional microsized formulations, lead to an increased active

concentration and bioavailability [25].

• NPs demonstrate better safety and efficacy [26].

• Nanodrugs can be far cheaper than conventional therapies [27].

• Drug release can occur at a constant rate over the desired timescale [28].

On the other hand, there are various challenges on the way of using NPs in DDSs. One of the most important

goals in pharmaceutical researches, is the synthesis or discovery of new chemical entities with minimum side

effects and maximum clinical benefit. To improve the biological system interactions, and reducing the nonspecific

toxicities (particularly against the brain), drug targeting using NPs offer several advantages [29]. Furthermore, the

development of nanocarriers based on biocompatible and biodegradable polymers has led to a wider application of

NPs in DDSs [30]. Another important challenge facing drug delivery using NPs is the difficulty in their synthesis

using conventional physicochemical methods. Moreover, according to a number of reports, the chemical synthesis

of NPs can be relatively expensive. Potentially toxic reagents might be needed for the chemical synthesis, which can

have possible environmental problems and requirements for safe disposal. Furthermore, the path from laboratory

to the marketplace in nanoscience has an intrinsically high level of risk, due to the fragility, instability and reactivity

of nanoscale materials [31]. Additionally, nanomaterials are more complex to engineer in comparison with bulk

materials, so their production and storage could be more complicated and expensive [31].

Efficiently in reaching to the target sites (target tissues which are usually far away from the administration

site), controlled delivery of the drugs within a predictable and limited timescale, controlled matrix or polymer
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degradation, the possibility for simultaneous detection and imaging (theranostics), design of smart (stimulus

responsive) drug-release systems, are additional major challenges of NPs in the drug-delivery domain [32].

According to Lipinski’s rule of five, drug-like molecules tend to be water insoluble, and have a moderately

lipophilic character [33]. Therefore, poor drug solubility is considered as a major challenge facing conventional

DDSs. By producing particles in the nanometer scale, the surface to volume ratio is increased and consequently

the dissolution rate of the drug increases, and higher bioavailability is obtained [34]. Nowadays, researchers have

applied different types of nanomaterials to develop improved, efficient and biocompatible therapeutic carriers.

Some common nanocarriers and their applications are summarized in Table 1 .

Recently, construction of ‘smart’ or stimulus-responsive delivery vehicles capable of responding to specific internal

or external, physical or chemical stimuli was of a new domain in nanocarrier science [12,32,35]. Among possible

physical stimuli, light and temperature are of great importance [26,35], while similarly, changes in pH, concentration

of reducing agent or ionic strength are examples of chemical stimuli which have been applied in the design of smart

DDSs [28,30]. Moreover, sophisticated passive or active targeting strategies can also be used to carry different drugs

into specific targets. Different ligands or targeting agents can be attached to the nanocarrier surface, in order to

direct it toward specific cells or tissues based on molecular recognition strategies [29]. The active targeting strategy

has been widely applied for cancer therapy, where the targeting moieties allow the drug carrier to bind to specific

biomarkers which are overexpressed on tumors. On the other hand, in passive targeting, the important parameter

is the nanocarrier sizes, which leads to accumulation at tumor sites due to the characteristic leaky vasculature and

absence of lymphatic drainage (EPR effect) [29].

Based on the carrier type, cargo and biological target, researchers can take the advantages of either or both of these

two strategies. In fact, nowadays, drug delivery, especially delivery of chemotherapeutic drugs, is considered as the

main application of nanocarriers. Smart nanocarriers that sense and respond to acidic pH and higher temperature at

tumor sites, or targeted agents that recognize tumor-specific biomarkers, while at the same time effectively masking

the hydrophobic drug cargos, makes them an ideal choice in tumor targeting [36,37].

Development of nanopharmaceuticals

Currently the time scale for a drug to enter the market after its initial discovery/development, may take up to two

decades [94]. Among other considerations, there should be sufficient skilled scientific and medical personnel willing

to spend a decade or two of their lives on one single project; the fundamental scientific premise should be novel

with appropriate intellectual property protection, and the economic business plan needs to convince the investors

about future profits. Market needs should be properly evaluated, and profit/risk ratios should be high enough. The

distribution and shelf-life of the therapeutic agents need to be clarified as well [95]. Some key steps along the way,

including intellectual property, technical issues, general costs and also the ethics and regulatory affairs of the matter

are briefly discussed in the following sections. In order to decrease the risk of failure, it is important to exploit

expert market evaluation to assess the market needs and opportunities [96].

From laboratory to market

During all stages of drug discovery and commercialization process, it is important to file patents to protect the

intellectual properties of inventors and companies, and also save money and time from being wasted in lawsuits or

even losing legal cases. Nevertheless, considering the long time it takes to gain regulatory approval of a drug, passing

the required clinical trials, and finally introducing a new pharmaceutical to the market, the allowed 20-year period

(depending on the country) of patent protection, diminishes the period of commercial exclusivity to 12 years or

less. Therefore, the time available to make profits for the company is sometimes too short to risk the necessary

resources [97]. This issue needs to be addressed by the authorities, especially taking into account the additional

complications of nanopharmaceuticals. Considering ethical issues, and also the economic impact of the clinical

trials on the total cost of developing nanopharmaceuticals, the issue of preclinical in vivo tests on animals and

human clinical trials, the period of market exclusivity should be extended.

Techniques

Larger companies are better equipped to take a drug from lab bench to marketplace. Scientists conduct the research,

engineers devise the manufacturing process, lawyers take the responsibility for filing and defending patents, and

funding is provided by shareholders and existing profit streams from already marketed drugs. Furthermore, the

research carried out on nanomaterials may only take a small share of the entire investments of these companies,
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Table 1. Different types of nanocarriers and their main advantages and applications in biomedical �elds.

Type Description Advantages Applications

Nanocrystals Crystalline particles produced by different

methods such as pearl milling, high pressure

homogenization (HPH), precipitation process [38]

• Improving the dissolution rate of drugs

• Improving the saturation solubility

• Safe composition

• Suitable for intravenous injection

• High drug bioavailability

• Cancer treatment [39]

• Controlling the level of

triglyceride and cholesterol [38]

• Hyperthermic

chemotherapy [40]

Polymeric NPs Can be prepared as nanospheres or nanocapsules

by different methods such as nanoprecipitation,

double emulsi�cation, polymer coating and

emulsi�cation diffusion [41]

• Can be administered by infusion, different types

of injection or oral ingestion

• Tunable characteristics

• Able to carry multifunctional agents,

• Improved thermodynamic stability of cargo

• Deep penetration to cells and tissues

• Drug delivery [42]

• Gene delivery [43]

• Tissue engineering [44,45]

Liposomes Synthetic vesicles formed from lipid bilayers,

which are divided into two groups: unilamellar

and multilamellar able to dissolve both

water-soluble (interior) and lipid soluble drugs

(bilayer) at the same time [46]

• Passive targeting of drugs

• Highly ef�cient cargo delivery

• Reducing the cargo toxicity

• Delivery of various

biomolecules such as:

enzymes [47], hormones [48,49],

anti-sense oligonucleotides [50],

ribozymes [51],

proteins/peptides [52], DNA [53]

and anticancer drugs [54]

Magnetic NPs These types of nanosystems can respond to

external magnetic �elds in a nanoscale size [55]

• Accumulation at desired sites via delivery

guidance using a magnetic �eld

• A promising choice for MRI application

• Surface functionalization [56]

• Use as a contrast agent [57]

• Gene delivery [58]

Micelles Spherical amphiphilic copolymer NPs formed by

supramolecular assembly,

having a core-shell structure with hydrophobic

interior separated from the aqueous exterior [59]

• High loading capacity

• Good stability in blood

• Prolonged circulation time

• Low number of side effects

• Protects internal drugs from degradation

• Carrying various water

insoluble drugs including:

paclitaxel [60], SN-38 [61],

doxorubicin [62],

C6-ceramide [63]

Dendrimers Synthetic tree-shaped macromolecules having a

3D monodisperse structure with branches

extended from a central molecule; predictable

size according to generation number [64]

• De�ned MW

• Uniform in shape

• Host-guest entrapment properties

• Extremely low polydispersity

• Carrying various drugs

including:

piroxicam [65], paclitaxel [66],

ketoprofen [67],

methotrexate [68]

Mesoporous silica

NPs

Mesoporous form of silica particles in nanoscale

sizes with a large surface area and a solid

structure [69]

• High loading capacity

• Good protection ability by keeping cargo

molecules inside pores

• Controlled drug-release ability

• Drug and gene delivery [70]

• Bio-sensing [71]

• Target speci�c delivery [72]

• Diagnostic agent [73]

• Antidote agents [74,75]

Carbon nanotubes Needle-like carriers, which can easily diffuse into

cell membranes by perforation.

CNTs are categorized as SWCNTs which have a

high near infrared optical absorbance and

MWCNTs having unique physical properties such

as young modulus and electrical conductivity [76]

• Very high elastic modulus and mechanical

strength

• High electrical and thermal conductivity

• Prolonged circulating time

• Cell membrane permeability

• High aspect ratio allowing high drug loading

• Use in scaffolds for supporting

bone cell growth [77]

• Chemo-photothermal

therapy [78]

• Vaccine delivery [79]

• Cancer treatment [80]

• Brain glioma therapy [81]

• Spinal cord injury repair [82]

Inorganic NPs

AuNPs First synthesized over 150 years ago; wide use in

drug delivery applications [83]

• Low cytotoxicity

• Controlled size and surface

• Easy synthesis

• High cell permeability

• Ability to bind many molecules on their surface

• High drug loading capacity

• Drug delivery [84]

• Diagnosis [85]

• Treatment of various diseases

including:

cancer [86], Alzheimer [87],

diabetes [88], arthritis [89], heart

failure [90]

QD Semiconductor crystals with a nearly spherical

structure; metalloid crystalline semiconductor that

controls �uorescence emission [91]

• Small size

• Good intracellular uptake and drug release

• Easy surface modi�cations

• Biological optical detection [92]

• Cellular and intracellular

targeting [93]

AuNP: Gold NP; CNT: Carbon nanotube; MW: Molecular weight; MWCNT: Multi-walled carbon nanotube; NP: Nanoparticle; SWCNT: Single-walled carbon nanotube; QD:

Quantum dot.

and the risk for loss is corresponding lower. By contrast, in small start-up companies, the budget for the whole

process mentioned above might be limited and the inadequate resources may prohibit these smaller companies

from undertaking costly nanopharmaceutical projects, forcing them to seek other projects and opportunities. These

start-up companies are often associated with academic laboratories, where the initial stages of the research are

funded by government grants, so the overall costs can be lower [98]. However big-pharma companies can also take

the advantage of government funding especially for ‘orphan diseases’ [99,100]. In some cases, large companies acquire
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these smaller companies which are developing new nanoformulations, thus allowing these scientists the funding for

their next projects in exchange of making profits in a shorter time [101]. Unlike other fields, it may not be possible

for the nanopharmaceutical industry to lower quality in order to save costs; substantial money and time needs to

be spent to provide appropriate quality assurance in the pharmaceutical market.

Costs

The costs over the lifetime of any new drug (including nanopharmaceuticals) consist of the time and money of

the original idea and preclinical research (sometimes carried out in academia and funded by government and tax

payers), the industrial development, the ‘valley of death’ which includes the period of highest expenses for human

clinical trials, and finally getting regulatory approval, and the phase of commercialization and marketing [99]. In

a recent study carried out by Tufts Center for the study of drug development, it was reported that getting all the

way to the profitable phase (excluding advertising and special marketing expenses), needs about 2870 million US $

(2013 US $) [102]. This includes $1,395 million for development of an approved product of which the clinical trials

phase costs about $1012–1744 million. Taking into account the long time it takes to market a product, the relevant

patents that could expire and inflation and discount rates makes it equivalent to $2558 million [102]. Post-marketing

research costs to improve the drugs can be combined with the costs for the next pharmaceutical in the pipeline. It is

important to remember that the high costs include those for projects that are abandoned at any stage of the process.

According to The Washington Post, the group that published this report is partially funded by drug companies,

therefore the estimates may be seen to be biased, and may have been multiplied many times in order to justify the

elevated drug prices to the consuming public [103]. Despite the fact that 80–90% of pharmaceuticals eventually fail

to obtain final approval after clinical trials (with an exact assessment of 11.8% success rate) [104,105], this rate can

vary from drug to drug, and the pharmaceutical classes chosen for this study were not mentioned, therefore so the

conclusion could be faulty. Tax relief, subsidies, governmental and externally-funded research funds are also omitted

in these estimates. The high project failure rate is a key factor for justifying the increasing costs of developing any

new pharmaceutical. This is especially relevant to the added complexity of novel nanopharmaceuticals. During the

process of developing new nanopharmaceuticals, it is important to remember the legal, ethical and cost-management

procedures mentioned above. Although the marketing of approved nanopharmaceuticals, considering their higher

efficiency, could lead to enormous profits, however the high failure rate has deterred some large companies from

investing in this area, and opportunities are still available for researchers and entrepreneurs to seize upon.

Ethics

The ethics of nanopharmaceuticals go hand-in-hand with the regulatory frameworks. The safety profile and

potentially toxic effects of these materials (both to patients, manufacturing personnel and to the wider environment),

which in many cases are not fully understood, making matters worse [106]. The important factor is the evaluation of

the risk/benefit ratio [107]. The evaluation of this ratio itself, has its own issues, since there is no framework or clear

guidelines for the assessment. Thus, decisions are necessarily based on unclear foundations and difficult-to-calculate

risks for each specific case and for each type of patient [108]. Since most human clinical trials (especially for cancer)

are carried out on patients with advanced disease (and usually no other alternative therapy), these trials may have no

beneficial effects (and may even be harmful) to the patient [109]. Therefore it is important for the trial conductors to

fully explain the procedures (informed consent) and not to raise the hopes of the patient unjustifiably [110]. Despite

some stakeholders are ambivalent about mentioning the word ’nano’, it is crucial for the sake of patients’ confidence

to inform them about the presence of NPs in the treatment, even if the likelihood of signing the consent forms is

put in jeopardy [111]. Nevertheless the overall ethical concepts for these nanopharmaceutical trials remain the same

as any other new therapy to be clinically tested [112]. It is the obligation of the regulatory agencies to assess the

benefit/risk ratio, but since the patients finally choose whether to take the risk or not [113], it is recommended that

data safety monitoring committees, stakeholders and experts outside the government also advise these agencies [114].

Care must be taken not to give in to public pressure that is overcautious (and can even be positively misleading)

about the possible dangers of nanopharmaceuticals, and prohibit the development of these agents altogether [115].

It not just the safety of the patients themselves that matters, but also the safety of anyone in contact with the

nanomaterial such as the workers and family members should be evaluated and ethically addressed [116].

future science group 10.2217/nnm-2018-0120
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Regulations for approving nanopharmaceuticals (FDA rules & regulations)

Until recently, the FDA had not published any specific guidance document for nanopharmaceuticals (or the

category of nanomaterials in general). However in August 2016, a document addressing general regulations for all

nanomaterial products related to cosmetics, food ingredients and animal feedstuff was issued [117]. Since the FDA

is not yet entirely convinced that nanopharmaceuticals behave very differently from other small molecule drugs,

(except for some particular characteristics), definite guidance has not yet been issued [118]. On the contrary, scientists

believe that nanosized materials are not only different from the same bulk material in size and surface area, but

particularly in the case of therapeutics, they also differ in biodistribution, toxicity, pharmacokinetics and excretion

profiles [119]. One of the problems for nanopharmaceuticals is the fact that, since such materials behave differently

in various environments (especially in vivo), current testing methods are not able to give clear answers to the above

questions. This makes it difficult for companies, which are required to fully test their novel pharmaceuticals before

applying for approval. Each pharmaceutical agent should be evaluated for its ultimate application. For instance,

an injectable drug should be tested in the bloodstream or a tablet should be evaluated in appropriate solutions

to replicate the digestive tract and so forth. The FDA system for categorizing medical products is another issue.

The FDA categorizes its regulations applying to drugs, medical devices, blood products, biologic agents and other

groupings [94,117]. The guideline applied for categorization of combination materials relies on the ‘primary mode of

action.’ For instance, if a prosthetic bone cement is equipped with nanomaterials or nanotherapeutics, this material

falls into the categories of both devices and drugs. Sometimes the primary mode of action is not entirely obvious

and the chosen product then falls into the hands of the Office of Combination Products. Safety assessments are

not only concerned with the health risk of nanopharmaceuticals, but also with the effects of nanomaterials on

the environment. In one study, it was concluded that the nanomaterial interactions are the important issue, and

these evaluations are not valid with the ‘pristine form’ of the nanomaterial [120]. In this regard, the US National

Research Council has decided to work on a new system for environmental risk assessment, mainly based on the

‘critical elements of nanomaterial interactions,’ addressing the issue of potential environmental risks and public

hazards of nanomaterials [121]. As mentioned earlier, the process of marketing a new pharmaceutical takes about

10–20 years [94,99], but it should be noted that even today, nanomaterial science is still a young field. Long term

exposure effects on humans, animals and the environment have yet not been completely evaluated, and it is required

that even after FDA approval, the post-market monitoring should take place [122]. Another question is concerned

with ‘nonbiological complex drugs’ [123]; these are complex structures often containing nanomaterials, as well as

nanosimilars [124]. It is also recommended that the FDA and similar continue to improve the regulatory frameworks

for these materials [125].

Currently a variety of nano-based pharmaceuticals have successfully entered to the market, and are utilized

every day by many patients (Figure 1). These products come from various companies all around the world, and

indicate the present and (likely) future success of nanomaterials as therapeutic agents. Some of the most known

nanopharmaceuticals are discussed below according to the type of nanoformulation. These groups are: nanocrystals,

liposomes and lipid-based, polymeric (including pegylated biologics, gels and emulsions), protein-based and metallic

NPs.

Nanocrystals

Nanocrystals are defined as crystals having at least one dimension less than 100 nm. Nanocrystalline pharmaceuticals

that are currently available in the market are discussed here (Figure 2). Each product is described with its history

of commercialization and mechanism of action.

Emend R©

Emend R© (Merck & Co., Inc., NJ, USA) is the nanocrystalline form of the anti-emetic drug aprepitant (Figure 2)

approved by FDA in 2003. It is administrated in prevention of nausea and vomiting during cancer chemotherapy,

especially courses containing high dose cis-platin, known to be highly emetogenic; which means it induces vomiting

and nausea in patients. Aprepitant is a specific antagonist for the human substance-P-ligand showing a high affinity

to bind to neurokinin-1 (NK1) receptors in the area postrema known as the ‘vomiting center of the brain’ [126,127].

The advantage of aprepitant over other NK1 antagonists is that it has tiny or no affinity for similar receptors for

serotonin (5-HT3), corticosteroids or dopamine receptors [127,128]. Thus, there will be no interference with the

action of other pharmaceutical agents which target these related receptors. Moreover, the absorption of aprepitant

occurs in the upper gastrointestinal (GI) tract [129], and aprepitant is not soluble in water [127]. By applying a
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Figure 1. Schematic illustration of three types of nanopharmaceuticals available in the market.
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Figure 2. Chemical structures of approved nanopharmaceuticals within the nanocrystals category.

technology called ‘Elan Drug Delivery Nanocrystals R©’, these problems can be solved. Oral Emend possesses better

water solubility and thus a higher possibility of absorption in the upper GI and hence higher bioavailability [129]. In

2008, the FDA approved the IV injectable form of Emend. The active ingredient of this formula is fosaprepitant

dimeglumine (Figure 2), a prodrug of aprepitant. Fosaprepitant is water-soluble and can be converted to aprepitant

within 30 min after IV administration [127,130].
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Figure 3. Ostim is a nanocrystalline paste of calcium hydroxyapatite. (A) Transmission electron microscopy image of

Ostim R© nanocrystal (150,000×) reproduced with permission from [132] C© BMC (2006) licensed with CC BY 2.0. (B)

Macromorphology of Ostim, arrows showing a very little number of macrophage cells near to the particles

(hydroxyapatite paste particles). Reproduced with permission from [132] C© BMC (2006) licensed with CC BY 2.0.

Ostim R©

Ostim R© (Osartis GmbH & Co. KG, Dieburg, Germany) is a nanocrystalline paste of calcium hydroxyapatite (HA)

[Ca10(PO4)6(OH)2] (Figure 2) with crystals of 20 nm diameter approved by the FDA through the 510(k) process

in 2004 (received CE approval in 2002). The structure of HA resembles natural bone minerals with the ability for

osteoconduction. Osteoconduction is the ability of bone to grow on a surface, thereby providing Ostim with good

biocompatibility [131]. As a bone-grafting material, Ostim can be used in orthopedic and dental surgery procedures.

The process of commercially preparation includes rapid precipitations to produce a paste containing 25% water

with dispersed nano-sized needle shaped HA crystals [131–133]. Figure 3, shows the formation of needle-shaped

crystals.

Rapamune R©

Rapamune R© (Wyeth Pharmaceuticals Inc., a subsidiary of Pfizer Inc., PA, USA) with the generic name Sirolimus

(rapamycin) is known as the first nanocrystalline-type drug with FDA approval in 2010 [134]. It is used in

order to prevent rejection of kidney transplants. The active ingredient of Rapamune, sirolimus, is a macrocyclic

triene antibiotic derived from the bacteria Streptomyces hygroscopicus and functions as an immunosuppressant.

Using the Elan Drug Delivery Nanocrystals technology involving bead/pearl milling, the release profile of the

poorly soluble drug increases significantly, allowing better bioavailability [135,136]. Although, extended release is not

absolutely critical for the case of Rapamune, nanoformulation leads to more convenient storage and allows oral

administration [137]. Rapamune blocks T lymphocyte proliferation induced by stimuli operating via either Ca2+-

dependent or Ca2+-independent pathways [138] resulting in a weakened cellular immune system able to accept the

transplanted organ. In 2015, FDA approved the use of Rapamune for the treatment of lymphangioleiomyomatosis,

a rare progressive lung disease.

Vitoss R©

Vitoss R© (Orthovita, Inc. PA, USA), is a bestselling synthetic bone graft substitute composed of 100 nm β-tricalcium

phosphate (β-TCP, Ca3[PO4]2) nanocrystals (Figure 2) approved by the FDA in 2003 through 510(k) pathway; an

approval mechanism for medical devices [139]. Vitoss is able to mimic the structure of cancellous bone (also known

as spongy or trabecular bone) and can fill voids or gaps in the skeletal system. Vitoss is synthesized by a high-

temperature calcination process and contains porous granules of 1–4 mm diameter [133,140]. Another formulation,

Vitoss Bioactive, includes conventional Vitoss combined with a bioactive agent to enhance bone remodeling

speed [141]. Stryker Company (which acquired Orthovita, Inc. in 2011) also launched Vitoss BBTrauma in 2012

which consists of bioactive glass particles with a higher surface area [142].
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Ritalin R©

Ritalin R© (Novartis, Switzerland, Basel), also known as methylphenidate (nanocrystals; Figure 2), received its FDA

approval in 1955 for treatment of hyperactivity disorders in children [143,144]. The drug is mainly used to treat

attention deficit hyperactivity disorder (ADHD) [145]. As a result of more widely accepted diagnoses of ADHD, the

drug has been increasingly prescribed since the 1990s [146]. In 2007, general practitioners in England prescribed

this drug for about 420,000 persons, and by 2012, this number had jumped to 657,000, which means a rise

of 56 percent [147]. Conditions such as ADHD are supposedly linked to the dysregulation of dopamine and

norepinephrine pathways in the brain, and the mechanism of action of Ritalin primarily involves inhibition of

dopamine reuptake [148,149]. By preventing the reuptake of dopamine and norepinephrine their concentration

increases within the synaptic cleft. Consequently, there will be an increase in cognitive and executive functions of

the brain [150,151]. In addition, it can increase overall alertness of the central nervous system; resulting in short term

benefits as a cost effective therapy [152,153]. As found with the majority of drugs, Ritalin also displays side effects;

the most important ones are irritability, anxiety, disturbance in motor function and poor appetite [154].

TriCor R©

TriCor R© (Abbott Laboratories; generic name is fenofibrate, IL, USA) was approved in 2004 in order to reduce

triglyceride and cholesterol levels to prevent the development of atherosclerosis; by reducing plaques on the inner

wall of arteries which can lead to strokes and heart attacks. After oral administration, fenofibrate is metabolized

to fenofibric acid in the intestine [155]. Fenofibric acid can lead to activation of peroxisome proliferator activated

receptor α (PPAR-α). When lipoprotein lipase is activated, the production of apolipoprotein C-III (an inhibitor

of lipoprotein lipase activity) decreases and lipolysis of triglyceride-rich molecules increases. This process finally

reduces circulating levels of total cholesterol and triglycerides and triglyceride-rich, low-density lipoprotein, very

low density lipoprotein and apolipoprotein B. It also increases high-density lipoprotein and apolipoproteins apoAI

and apoAII [156]. Using Elan drug delivery nanocrystals technology, water-insoluble fenofibrate becomes more

water-soluble in TriCor. Before this technology, fenofibrate required to be taken with food, and passed unchanged

through the pH changes in the GI tract; because it lacks ionizable groups. The reason fenofibrate should be

taken-with-food is due to the presence of surfactants and lipids in food which can emulsify it [129]. The higher

water solubility of TriCor allows this drug to be taken with or without food [157].

Liposome & lipid-based nanopharmaceuticals

Liposomal nanoformulated drugs are recognized to be some of the most successful commercial DDSs that have

been developed to overcome the side effects of many conventional drugs. For example, the liposomal formulation

of doxorubicin (known by the commercial name of Doxil R©) has made a great impact on the treatment of cancer,

and huge benefits for pharmaceutical companies. In this section, liposome and lipid-based nanopharmaceuticals as

depicted in Figure 4 are described in regard to their formula and mechanism of action.

Doxil R© (Liposomal Doxorubicin)

Doxil (Alza, Pakistan) also known as Caelyx R©, Evacet R© and Lipodox R©, was approved by the FDA in 1995. It is a

type of nanodrug used for treatment of different cancers ranging from metastatic ovarian cancer to AIDS-related

Kaposi’s Sarcoma (KS) [158–160]. It is a specific formulation of doxorubicin (adriamycin) enclosed in unilamellar

liposomes, the outside of which are covered with PEG (polyethylene glycol) known as ‘PEGylated liposomes.’

The size of these structures varies between 80 and 90 nm. The goal of these DDS is to increase the circulation

half-life leading to an enhancement in drug bioavailability [161,162]. An Indian pharmaceutical company called Sun

Pharma Global FZE was the first company to manufacture the first-generation injectable Doxil from doxorubicin

hydrochloride incorporated in liposomes (Figure 4) which received FDA approval in 2013 [161]. Doxil has two

different mechanisms of action: intercalation into DNA molecule which causing disruption of topoisomerase

and DNA repair and, intracellular production of reactive oxygen species and free radicals that damage cellular

membranes by lipid peroxidation [163]. Both Doxil and Lipodox, the second-generation PEGylated liposomal

doxorubicin [160], operate by a passive targeting strategy to accumulate into tumors by the EPR effect [164]. The

other main advantage of liposomal doxorubicin is reducing the adverse effects of the drug, which can be toxic to

several parts of the body especially the skin and the heart.
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DaunoXome R©

Liposomal daunorubicin (Figure 4), trade name DaunoXome R© (Galen, Craigavon, UK), was approved by the FDA

in 1996, and is another anthracycline anticancer drug which can be used in cancers and HIV-associated Kaposi’s

Sarcoma (KS) as a chemotherapy drug [159]. Moreover, there have been various clinical trials which demonstrated

the applicability and efficacy of daunorubicin for different types of leukemia [165]. DaunoXome received its approval

as a first-line cytotoxic therapy in advanced KS because of its effectiveness and lower side effects compared with

alternative cytotoxic drugs such as adriamycin, bleomycin and vincristine [166]. The liposomes have an approximate

diameter of 45 nm and consist of lipid bilayers composed of cholesterol and distearoyl phosphatidylcholine and

at a 1:2 molar ratio [167]. The lipid to drug weight ratio in DaunoXome is 18.7:1 (lipid:daunorubicin). Although,

the exact mechanism of DaunoXome selectivity is not clear, it is supposedly as the result of increased permeability

of tumor neovasculature for particles with a similar size to DaunoXome (EPR effect). According to preclinical

studies, in comparison with free daunorubicin, it was shown that DaunoXome could increase the concentration

of daunorubicin in tumors while reducing drug in the brain, liver, spleen and intestine. On the other hand,

myelosuppression, which can cause fever, nausea and vomiting are the primary toxic effects of DaunoXome [168,169].

Onivyde R© (irinotecan liposome injection)

Onivyde R© (Merrimack Pharmaceuticals, MA, USA), also known as MM-398 or PEP02, is a liposomal nanofor-

mulation of irinotecan (Figure 4) which was approved by the FDA in 2015 for treatment of metastatic pancreatic

cancer [170,171]. It was also demonstrated that liposomal irinotecan could show synergistic effects with other an-

ticancer agents. FOLFIRINOX is a chemotherapeutic regimen used for advanced pancreatic cancer consisting of

(irinotecan, 5-fluorouracil, oxaliplatin and folinic acid) which showed a survival improvement in patients compared

with gemcitabine administration [172,173]. The novel nanoliposomal formulation of irinotecan provides additional

advantages, such as improvements in circulation time and drug biodistribution, passive targeting of tumors and

10.2217/nnm-2018-0120 Nanomedicine (Lond.) (Epub ahead of print) future science group



Nanomedicines on the market Review

better accumulation at tumor sites via the EPR effect, while reducing undesired side effects. However, there are still

some negative effects of Onivyde including diarrhea, vomiting, abdominal pain and alopecia [173].

DepoCyt R© (liposomal cytarabine)

DepoCyt R© (Pacira Pharmaceuticals, NJ, USA), was approved under the accelerated approval regulations in 1999.

It is a liposomal formulation of cytarabine, which is manufactured using Depofoam R© technology [174]. It was also

approved by the FDA in 2007 to treat a life-threatening disease called lymphomatous meningitis [161]. Liposomal

cytarabine is the only liposomal drug delivered by intrathecal administration; in this case systemic exposure to

cytarabine is negligible [175,176]. The liposomal formulation is composed of dipalmitoyl phosphatidyl glycerol,

dioleoyl phosphatidyl choline, triolein and cholesterol. The half-life of the drug delivered by this liposomal

formulation is 40 times longer than standard sample of cytarabine [177]. DepoCyt is a sustained-release formulation

with cytarabine as the active agent and is designed for direct administration into cerebrospinal fluid [178]. This

antineoplastic agent can affect cells during S-phase of cell division and inhibit DNA polymerase [179].

Marqibo R©

Liposome vincristine sulfate, also known as Marqibo R© (Talon therapeutics, CA, USA; Figure 4), was approved

by the FDA in 2012. Vincristine is an anticancer alkaloid that binds to tubulin and interferes with cell division.

Marqibo is vincristine encapsulated in sphingomyelin/cholesterol liposomes [180]. After administration of Mar-

qibo (2.25 mg/m2) to adult patients with Philadelphia chromosome-negative chronic myelogenous leukemia, 35%

showed a good response [181]. Liposomal vincristine shows slower clearance and higher AUC (area under the plasma

drug concentration versus time curve) in comparison with conventional vincristine [182]. The liposomal formulation

of vincristine offers other advantages such as: increased circulation time in blood, better release profile and better

accumulation in tumors [183]. Constipation, nausea, fatigue, diarrhea and insomnia are significant side effects [184].

AmBisome R©

AmBisome R© (NeXstar Pharmaceuticals, CA, USA), the liposomal form of Amphotericin B (AmB) or L-AmB

(Figure 4), is an antifungal agent administrated for the treatment of a broad spectrum of fungal pathogens. Because

it does not act via enzyme inhibition, AmB does not lead to the emergence of resistant fungal species compared

with other antifungal agents [185]. The undesirable dose-limiting toxicity issues (especially nephrotoxicity) of the

conventional formulation of AmB, Fungizone, which is the conventional injectable formulation of water-insoluble

AmB suspended in sodium deoxycholate, led to efforts to overcome these side-effect problems [186]. Investigations

were carried out on murine models focusing on particle size, higher AmB content, physicochemical stability and

lower toxicity. The final optimized formulation consisted of hydrogenated soy phosphatidylcholine, cholesterol, and

distearoylphosphatidylglycerol containing AmB at a molar ratio of 2:1:0.8:0.4 [185]. The advantages of liposomal

AmBisome included: better pharmacokinetic properties and stability in the circulation, reduced accumulation in

normal uninfected tissue, and reduced toxicity to mammalian cells compared with fungal cells making it much

safer than Fungizone [185]. The mechanism of action of AmBisome is allowing the drug to transition from the

liposomal membrane and then to bind to ergosterol in the fungal membrane resulting the in formation of pores,

ionic leakage and eventually death of the fungal cells [187] (Figure 5).

Figure 6

Vyxeos R©

Daunorubicin and cytarabine encapsulated in liposomes, known as Vyxeos R© (Jazz Pharmaceutics, Dublin, Republic

of Ireland), received its FDA approval in 2017 for treatment of adults suffering from acute myeloid leukemia caused

by previous therapy, or acute myeloid leukemia with changes related to myelodysplasia [188,189]. Cytarabine and

daunorubicin are loaded into a liposomal structure at a 5:1 molar ratio [190].

By forming complexes with DNA, daunorubicin affects the synthesis of DNA and RNA controlling the expression

of genes, and also generates free radicals which damage DNA [188]. By controlling DNA polymerase, cytarabine

reduces the synthesis of DNA [188]. Vyxeos noticeably increases the exposure in plasma and reduces the distribution

to ordinary tissues [191].

Vyxeos was prescribed to 309 patients aged 60–75 years old suffering from acute myeloid leukemia and the results

showed a beneficial effect on overall survival [188]. However, it does possess some side effects, the most important

ones are probably hypersensitivity reactions, cardiotoxicity and tissue necrosis [188].

future science group 10.2217/nnm-2018-0120



Review Farjadian, Ghasemi, Gohari, Roointan, Karimi & Hamblin

Pore formation

in membrane

Fungal cell

membrane

Fungal cell wall

Liposomes with AmB

Amphotericin B

molecules (free

and liposome

bound)

Figure 5. Proposed mechanism of action of AmB.

Free and liposome-bound AmB circulate in the bloodstream after injection of AmBisome. After attachment of the

liposomes to the cell wall of the fungal cells, active AmB molecules are released and then bind to the cell membrane

and by pore formation eventually leads to ionic leakage and cell death.

Taken with permission from [187] C© Springer Nature (2016).
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Abelcet R©

Another AmB lipid complex known as Abelcet (Defiante Farmaceutica, Funchal, Portugal) was approved in 1965.

Like Ambisome, it is an antifungal medication which is used for treatment of serious leishmaniasis and fungal

infections such as Aspergillosis, Blastomycosis, Candida, Coccidioidomycosis and Cryptococcosis [192,193]. Abelcet contains

AmB and two phospholipids in a 1:1 drug to lipid molar ratio [194]. It also produces less severe side-effects compared

with AmB.

Visudyne R©

Visudyne R© (QLT Phototherapeutics, Vancouver, Canada) is a liposomal formulation of the photosensitizer (PS),

benzoporphyrin derivative mono acid ring A [195]. It received FDA approval in 2001 for treatment of choroidal

neovascularization caused by wet age-related macular degeneration [196]. This growth of unwanted blood vessels in

the back of the eye is one of the leading causes of blindness in adults. Visudyne is injected intravenously, followed

after 10 min by shining a red laser through the pupil into the eye. The PS absorbs the light and is boosted into

an excited state where it transfers its energy to ambient oxygen, producing singlet oxygen. This reactive oxygen

species damages the newly formed leaky blood vessels, thus halting and even reversing the progressive loss of vision.
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Other than its use for age related macular degeneration, a combination of Visudyne photodynamic therapy and

immunosuppression was suggested to be useful in treatment of subfoveal choroidal neovascularization which may

occur as a complication of inflammatory conditions [197–200]. Side effects of Visudyne therapy were generally mild

and included slight changes in vision, seeing flashes of light, dryness, redness or swelling in eyes or headache.

Polymer-based nanopharmaceuticals

Today, polymeric NPs have made great strides forward in applications for drug and gene delivery. Functional

polymers can be used for encapsulation of therapeutic agents. In the area of commercial nanopharmaceuticals,

pegylated drug and protein conjugates have shown major improvements over their nonpegylated counterparts [201].

‘Pegylation’ refers to conjugation of any biomolecule to one or more chains of polyethylene glycol (PEG). In section

5 (and sub-sections) pegylated nanopharmaceuticals (Figure 7) are discussed, while in section 6 (and sub-sections)

we discuss other different polymers used in nanopharmaceuticals (Figure 8).

Figure 7 shows the structures of antibody, enzyme, cytokine or nucleotide conjugated to PEG through various

linkers.

Cimzia R©

Cimzia R© (UCB, Brussels, Belgium) with the generic name ‘certolizumab pegol’ (CZP) received FDA approval in

2008, and is a PEGylated blocker of tumor necrosis factor alpha (TNF-α). Cimzia is a PEGylated Fab’ fragment

(part of a humanized IgG antibody without the Fc region) that specifically recognizes and binds to TNF-α, thus

neutralizing its activity [202]. Cimzia is used for treatment of patients with rheumatoid arthritis [203], Crohn’s

disease[204], psoriatic arthritis [205] and ankylosing spondylitis [206]. These diseases all are somehow related to

autoimmunity; an unhealthy immune response of the patient against his/her own healthy cells. Strictly speaking,

Crohn’s disease is not an autoimmune disease since it seems that the content of the gut lumen triggers the response
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and not self-antigens [207]. TNF-α is a pluripotent pro-inflammatory cytokine and could be one of the main

cytokines responsible for the autoimmune attack [202,205,206] (Figure 7).

Adagen R©

Adagen R© (Enzon, Inc., NJ, USA), with the generic name pegademase bovine, is PEGylated adenosine deaminase

(ADA) which gained FDA approval in 1990 as the first PEGylated formulated protein on the market. Some

studies [208] showed that ADA deficiency, caused by gene mutations, accounts for 14–15% of severe combined

immunodeficiency disorder. A deficiency of ADA will cause accumulation of adenosine and 2′-deoxyadenosine,

and this excess accumulation results in metabolic disorders which are linked to the functions of lymphocytes [209].

This disease is very rare; approval of Adagen was only based on the results with 12 patients, which gives this

drug ‘orphan disease status’ [210]. Before Adagen, ADA-severe combined immunodeficiency disorder was treated

with bone marrow transplants and transfusion of frozen irradiated erythrocytes [211,212], because administration of

the native enzyme (ADA) was not effective. Naked ADA has a very short in vivo circulation time and also raises

an immunogenic response [212]. PEGylation of ADA solved these issues. Davis et al. exhibited that PEGylated

ADA had a longer circulation time also much less immunogenicity demonstrated by the absence of any detectable

antibodies [212]. As shown in Figure 7, in Adagen, ADA molecules with multiple strands of attached PEG-5000,

have less plasma clearance, and thus, a higher circulation time [213].

Neulasta R©

Neulasta R© (Amgen, Inc., CA, USA) was approved by FDA in 2002 with the generic name PEGfilgrastim, and is

a PEGylated form of filgrastim. Neutropenia (low white blood cell counts) is a common adverse effect found in

patients with nonmyeloid cancer who receive chemotherapy [214]. As a leukocyte growth factor, Neulasta is used

for the treatment of febrile neutropenia and consequent infections arising due to lack of neutrophils. Filgrastim

(the parent molecule) is recombinant methionyl human granulocyte colony-stimulating factor (r-metHuG-CSF)
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produced from E. coli [215]. Neulasta is synthesized by attachment of a monomethoxy-PEG aldehyde chain (20 kDa)

to the N-terminal methionine residue of Filgrastim. The resulting imine is then reduced with sodium cyanoborohy-

dride [216,217] (Figure 7). PEGylation of filgrastim results in an increased circulation time and also higher solubility

of the parent molecule [217]. The half-life of the native molecule (filgrastim) is about 3.5–3.8 h, but Neulasta

remains in circulation up to 42 h [216].

Oncaspar R©

Oncaspar R© (Enzon Pharmaceuticals Inc., NJ, USA) with the generic name pegaspargase is PEGylated-L-

asparaginase (Figure 7) approved by the FDA in 1994. This agent is used to treat acute lymphoblastic leukemia,

and chronic myelogenous leukemia. It is also used as an alternative in patients with these leukemias who display a

hypersensitivity reaction to E. coli derived L-asparaginase [218,219]. The benefits IM/IV administration of Oncaspar

every 2 weeks compared with the three times per week needed for the native compound, L-asparaginase, are reduced

hypersensitivity [220] and considerable total cost savings for patients [221,222]. The every 2 weeks requirement for the

administration of Oncaspar is actually the consequence of higher half-life of the drug due to PEGylation [218].

Pegasys R©

Pegasys R© (previously Hoffmann-La Roche Inc., and currently Genentech USA, Inc., CA, USA) with the generic

name peginterferon alfa-2a was approved by the FDA in 2002. Pegasys is recombinant human alfa-2a interferon,

which is conjugated to branched PEG (40 KDa; Figure 7) [223] and is used for the treatment of hepatitis C [224] and

HBeAg positive chronic hepatitis B [225]. As expected, the increased half-life of Pegasys due to PEGylation makes

it possible to administer a subcutaneous injection only every 12 weeks; in comparison with the three times per

week requirement for the free interferon [226]. Using Pegasys with ribavirin leads to better results for hepatitis C

therapy [224]. Combining lamivudine and Pegasys also leads to higher survival in HBeAg positive chronic hepatitis

B patients [225].

Somavert R©

Somavert R© (Pfizer Pharmaceuticals, CT, USA ) with the generic name pegvisomant (B2036-PEG) is the PEGylated

analog of human growth hormone (GH) for the treatment of acromegaly, which was received FDA approval in

2003. In patients with acromegaly, the pituitary gland secretes excessive amounts of growth hormone, with the

consequence of abnormally enlarged forehead, jaw, hands and feet. Somavert is an antagonist of GH receptors,

blocking the binding of GH, and interfering with GH signal transduction pathways, and thus reducing the serum

concentration of IGF-I (which is one of the critical mediator of GH activity) [227]; by at least 50% [228]. As

expected, PEGylation of the active ingredient of Somavert (B2036) will result in a reduced clearance, estimated to

be 28 mL/hour for subcutaneous injection at doses of 10–20 mg, and giving an increased half-life of approximately

6 days following administration [229].

Macugen R©

Pegatinib sodium is an ocular therapeutic agent discovered by EyeTech Pharmaceuticals in 2000 and received its

FDA approval in 2004. Macugen R© is the brand name of pegatinib sodium, which was released into the market

by Pfizer Inc. This drug is administered for the wet neovascular form of age-related macular degeneration [230].

The development of Macugen was recognized as a milestone in aptamer-based nano-vectors used for treatment of

human diseases [231]. The term aptamer describes an oligonucleotide sequence composed of RNA or DNA that

binds to a specific target [232]. Pegatinib is an anti VEGF (vascular endothelial growth factor) aptamer with 28

nucleotides conjugated to two PEG moieties via amine groups of lysine residue with a MWt ∼50 kD (Figure 7).

It functions as an anti-angiogenesis agent. Treatment with Macugen involves injection of the appropriate dosage

every 6 weeks [233]. Some of the side effects of Macugen, that were observed in clinical trials, include diarrhea, eye

irritation, headache and nausea.

Mircera R©

Mircera R© or epoetin β (EPO) conjugated to methoxy-PEG (Figure 7) is a drug formulation utilized in treatment

of anemia [234,235]. Mircera received its approval in 2007 by both European commission and the FDA. EPO is a

genetically recombinant form of erythropoietin, which is capable of stimulating erythropoiesis by acting on the

erythropoietin receptors of bone marrow progenitor cells [236]. In Mircera, the PEG moiety (∼ 60 kD) is first linked
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with butanoic acid and the NHS modified structure is linked to the lysine moiety of the EPO structure via amide

bonds. This formulation provides a controlled release system with a half-life of ∼ 135 h, in comparison with naked

EPO with a half-life of 7–20 h [235]. The main benefit is the less frequent administration when using Mircera.

Administration of Mircera is through intravenous or subcutaneous injection of 0.6 µg/kg every 2 weeks [235].

PEG-INTRON R©

PEG interferon R© alfa-2b is a long acting kind of interferon; its structure includes alpha interferon (INF) molecule

conjugated to a mono PEG chain via succinimidyl carbonate (12 kDa) (Figure 7) [237]. Its longer half-life and slower

elimination leads to a less frequent administration when compared with the standard interferon molecule [237].

PEG interferon alfa-2b received its FDA approval in 2001 and is currently used as a monotherapy or along with

other drugs such as ribavirin for treatment of chronic hepatitis C [238,239].

Krystexxa R©

Krystexxa R© (or Pegloticase, formerly Puricase, NJ, USA) manufactured by Savient Pharmaceuticals is a treatment

for patients who suffer from refractory chronic gout [240,241]. Following investigations of its effectiveness in reducing

uric acid levels, as well as lowering deposits of uric acid crystals in joints and soft tissues, it received FDA approval

in September 2010. The EMA also approved this drug in January 2013 for treatment of tophaceous gout disorder

(tophi are nodular masses of uric acid crystals) [242,243]. Pegloticase is a recombinant porcine-like uricase that can

metabolize uric acid to allantoin, in a similar manner to the nonpegylated Rasburicase. Pegloticase is composed of

four uniform chains of approximately 300 amino acids, in which nine of the 30 lysine residues in each chain are

pegylated (PEG chains MW: 10 KDa) [243]. The improved solubility of Pegloticase removes risks of precipitates

forming. Furthermore, the PEG molecules in Pegloticase result in an increased drug half-life to about 10 days (in

comparison with Rasburicase which is 8 h) and a reduction in its immunogenicity [243]; Accordingly, Pegloticase is

a better choice compared with other treatments especially for chronic treatment [244]. The side effects of Krystexxa,

include infusion and allergic reactions which should be noted before repeating the treatment. Other minor side

effects include sore throat, vomiting, nausea and chest pain [241].

Plegridy R©

Plegridy R© contains the active substance PEG-IFN-β-1a, which is a PEG conjugated form of glycosylated, recombi-

nant IFN-β modified with a single, linear molecule of 20 kDa methoxy-PEG-O-2-methylpropionaldehyde (mPEG)

(Figure 7) [245]. Plegridy or PEG-IFN-β-1a was approved by FDA in 2014 for treatment of relapsing remitting

multiple sclerosis (RRMS) in adult patients [246]. Elevations of hepatic enzymes and liver injury have been observed

with the use of plegridy. Patients should be checked for signs of hepatic damage and treatment should be stopped

if icterus or other clinical symptoms of hepatic dysfunction appears [247].

Adynovate R©

Adynovate R©, is a recombinant pegylated anti-hemophilic factor used for treatment of hemophilia A in patients

who experience repeated bleeding events [248]. Adynovate works by increasing levels of blood-clotting factor VIII

in the blood in a temporary manner. Adynovate has an extended circulation time in the human body leading to

reduced frequency of injection. The structure comprises coagulation factor VIII conjugated to PEG [249]. The safety

and efficacy of this drug against hemophilia have been shown in clinical trials. Some common side effects include

diarrhea, nausea, headache, vomiting, rash and other common allergic reactions [248].

Other types of polymer-based nanopharmaceuticals

Figure 8 shows polymer-based nanopharmaceuticals (other than pegylated formulations) either themselves com-

posed of polymer chains such as Copaxone R© and Renagel, or where polymers are used to disperse drug molecules

such as Eligard and Estrasorb.

Copaxone R©

Copaxone or glatiramer acetate (GA otherwise known as COP-1) is a synthetic polymer consisting of L-alanine,

L-glutamic acid, L-tyrosine and L-lysine (Figure 8), in a ratio of 0.141:0.338:0.427:0.095 respectively, which was

approved by the FDA for treatment of multiple sclerosis (MS) [250]. Although the mechanism of action of this

random copolymer is not completely understood, according to some investigations, it can suppress inflammatory
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responses by blocking MHC II and changing the T-cell population phenotype [251,252]. Its therapeutic benefit

(especially in autoimmune disorders) can be inferred from its approval for marketing in several countries including

USA, Canada and some European countries [253,254]. However, clinical trials have shown that GA caused various

side effects in different organs including heart, eyes, skin, gastrointestinal and immune system [255].

Eligard R©

Eligard R© is a formulation of leuprolide acetate that utilizes Atrigel as a polymeric injectable nanosuspension agent

(Figure 8), which received its FDA approval in 2002 as a palliative agent for treatment of prostate cancer [256].

Leuprolide acetate (known as Lupron) is a synthetic peptide-type analogue of gonadotropine-releasing hormone

(GnR) which is able to interact with the GnR hormone receptor and modify gonadotropin secretion. The reduction

in gonadotropin secretion reduces the level of other hormones such as luteinizing hormone (LH) and follicle

stimulating hormone (FSH). The results are hypogonadism and a decrease in levels of estradiol and testosterone.

Artigel is a DDS based on a polymer mixture (usually polylactic and polyglycolide) [257,258]. Eligard is an example of a

nanopharmaceutical serving as a sophisticated drug-delivery system for Lupron. As an injectable liquid formulation,

it solidifies in the body and slowly releases the drug over 1 month because of Atrigel biodegradation [257]. Irritation

and erythema are the most common adverse effects of Eligrad after its subcutaneous injection [256].

Renagel R©

Renagel R© or Sevelamer, which was approved by the FDA in 2000, is a tablet (400 or 800 mg doses) prescribed

for treatment of patients with high serum levels of phosphorus [259]. Renagel is usually prescribed for cases of

end-stage renal disease or in patients with hyperphosphatemia caused by chronic kidney disease [260,261]. Renagel

has a polymeric network structure composed of cross-linked polyallylamine hydrochloride while the cross-linking

agent is epichlorohydrin (Figure 8). The recommended starting dosage for Sevelamer is completely dependent on

phosphorus serum level of the patients [262].

Estrasorb R©

Estrasorb R© (Novavax, Inc., MD, USA) is a topical micellar-encapsulated emulsion of estradiol (17β-estradiol)

hemihydrate used to treat moderate vasomotor symptoms due to menopause. Approved in 2003, this topical lotion

was, and still is, the only micellar nanopharmaceutical on the market. Vasomotor symptoms cause hot flushes, night

sweats and disrupted sleep patterns by affecting the length of REM sleep, with a consequent loss of memory, fatigue

and lethargy. Estradiol, the main estrogen, plays a role in reducing these symptoms [263]. In a randomized, double-

blind clinical trial, volunteers who received Estrasorb, showed a reduced number of hot flushes [264]. Estrasorb is

supplied in a foil pouch and is designed to be applied to the skin and penetrate the stratum corneum [265]. Estradiol

binds to the nuclear estrogen receptor and alters gene transcription [266].

Zilretta R©

Triamcinolone acetonide that has been embedded in a PLGA hydrogel, is known as Zilretta R© (Flexion Therapeutics,

MA, USA), and received its FDA approval in 2017 for treatment of knee osteoarthritis [267–269]. This formulation is

delivered by intra-articular injection to reduce knee osteoarthritis pain, but its overall positive effects are still under

investigation [267,270].

In spite of benefits shown in clinical trials, Zilretta gave no substantial superior benefit compared with immediate

release triamcinolone in a clinical trial [268]. In clinical studies, 32 mg of Zilretta was given to 424 patients consisting

of 143 patients aged 65 or more and showed that the adverse effects of Zilretta were no different between both old

and young patients [268].

Protein-based nanopharmaceuticals

Abraxane R©

Abraxane R© (Celgene Pharmaceutical Co. Ltd) or ABI-007, consists of albumin–NPs bound to paclitaxel with a

particle size around 130 nm, approved by the FDA for treatment of metastatic breast cancer (2005), lung cancer

(2012), and metastatic pancreatic adenocarcinoma in 2013 [271]. Paclitaxel interferes with cellular mitosis by shifting

the equilibrium between tubulin dimersmicrotubules in favor of microtubules, and then preventing microtubule

depolymerization, hence decreasing the concentration of tubulin. Interference with microtubule dynamics by

paclitaxel affects the ability of cancer cells to properly assemble a mitotic spindle, pass the metaphase/anaphase
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Figure 9. Structure of albumin-bound paclitaxel known

as Abraxane R©.

checkpoint and undergo mitosis [271,272]. Taxol R© is another drug with paclitaxel as the active agent which was

approved in 1998 and showed good results for cancer therapy. Paclitaxel itself is highly lipophilic and in order to make

it suitable for injection, it is important to use an emulsifier/solubilizer such as Cremophor EL (polyoxyethylated

castor oil) used in Taxol. High concentrations of Cremophor EL in Taxol, can induce serious toxicities and severe

hypersensitivity reactions [273]. Abraxane retains the therapeutic benefits of paclitaxel while removing the toxicity

of Cremophor (e.g., Taxol) [273]. After IV administration, Abraxane dissolves resulting in soluble albumin-bound

paclitaxel complexes which have similar size to endogenous albumin [274]. These complexes accumulate in the

tumor; partly due to the passive EPR effect in tumors; and partly due to trans endothelial transport via the

albumin-binding protein (gp60) [275] (Figure 9). Studies on breast cancer have demonstrated that Abraxane has

higher response rates (33 vs 19%), longer time to tumor progression (23.0 vs 16.9 weeks), less grade 4 neutropenia

incidence (9 vs 22%) and more grade 3 sensory neuropathy (10 vs 2%) compared with Taxol, respectively. The

higher grade 3 sensory neuropathy in Abraxane was attributed to higher doses of paclitaxel, but could be managed

by standard therapy [276].

Ontak R©

Denileukin diftitox, known as Ontak R© (Eisai, Japan), received its FDA approval in 1999 for treatment of T-cell

lymphoma [277,278]. It consists of recombinant diphtheria toxin protein conjugated to IL-2 and was designed to

bind to the IL-2 receptor. Ontak was used in leukemia and lymphoma treatment, because it could deliver diphtheria

toxin selectively to target cells which expressed interleukin-2 receptors [279]. There have been some studies which

showed Ontak could be used for treatment of mycosis fungoides, which is the most common form of cutaneous

T-cell lymphoma [280,281]. Hypersensitivity reactions during the infusion with symptoms such as low blood pressure,

back pain, fever, breath shortness, nausea and vomiting, blood test abnormalities and liver problems, weakness,

rash and poor appetite are some of the side effects of using Ontak [280]. In 2006 serious problems with loss of vision

emerged, and the FDA added a black box warning to the drug labeling include a description of ophthalmologic

adverse events. In 2014 marketing of Ontak was discontinued in the USA [282].

Rebinyn R©

The PEGylated glyco-protein drug, also known as Rebinyn R© (Novo Nordisk, Bagsværd, Denmark), received its FDA

approval in 2017 [283]. It is used for patients suffering from factor IX (FIX) deficiency also known as hemophilia [284].

It consists of 40 kDa PEG attached to recombinant DNA-derived coagulation FIX concentrate [285,286].
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Metal-based nanopharmaceuticals

Today magnetic-based NP have vast arrays of application in drug and gene delivery [287,288] and diagnosis [289].

Feridex was a commercial product of iron oxide based NPs used as a contrast agent for MRI. In response to observed

side effects its production was discontinued in 2008.

Feraheme R©

Ferumoxytol, known as Feraheme R© or Rienso R© (AMAG Pharmaceuticals, MA, USA) was approved by the FDA in

2009, is an intravenous drug formulation with neutral pH for treatment of anemia [290,291]. It is prescribed for adult

patients with evidence of iron overload [292]. Clinical studies have shown that an intravenous injection of 510 mg

of ferumoxytol is well tolerated [293,294]. According to the AMAG label for Feraheme, 0.2 and 1.9% of patients

who received it experienced hypersensitivity reactions and hypotension respectively. In clinical trials, some serious

side effects of Feraheme were nausea, diarrhea, hypotension, constipation, dizziness and peripheral edema [295].

Market investigation

The nanopharmaceutical market can be considered to spread throughout diverse regions of the world. Therefore,

assessing the market size in non-American and non-European countries with rarely supplied official statistics is

not an easy task. But as with many other medical products, the USA is the largest producer and consumer of

nanopharmaceuticals.

Global nanomedicine market size

Nanopharmaceuticals generally have a high added value compared with traditional pharmaceuticals. This, combined

with a variable and often contradictory definition of exactly what constitutes nanotechnology and nanopharma-

ceuticals in different countries, and varying assessments by scientific and regulatory authorities, makes it hard to

estimate accurate data on the global nanomedicine market size. In one report, the total market size for nanomedicine

in 2015 was expected to be about $1 trillion [296]. With the progressive growth rate of some nanopharmaceuticals,

and the ever increasing need for more efficient medicines for treating cancer, immune and nervous system diseases,

as well as mitigating infectious diseases such as AIDS, the worldwide marketplace is expected to show a compound

annual growth rate (CAGR) of 22% for the NPs in the life sciences as a whole [297].

It is expected that protein-based nanopharmaceuticals will have a market size of $14 ± 7 billion, and for nucleic

acid-based nanopharmaceuticals it would be $7 ± 3 billion, and for small molecule-based nanopharmaceuticals, it

will be $3 ± 3 billion in 2020 [298]. Another report suggested that ‘The global nanomedicine market is anticipated

to reach USD 350.8 billion by 2025,’ according to a new report by Grand View Research, Inc. [299].

For the market to grow even further, risk issues should be addressed, and social impacts should be evaluated. Con-

sidering the high prices of nanomaterials and nanomaterial intermediates, serious analysis of the cost-effectiveness

and the required purchasing power of nations with centralized health care systems and nations with private market

healthcare systems should be undertaken.

Market trends

Academic research laboratories are constantly making advances in nanomedicine [141]. The question arises to what

extent these discoveries result in issued patents that can be licensed to existing or new start-up companies? The

ever-increasing costs of pharmaceutical development mean that not all advances in drug delivery can necessarily

be advanced to result in approved medicines. Nevertheless, it is clear that medical care represents an increasing

proportion of gross domestic product in most developed countries. It is cost effective and patient friendly to

diagnose and treat patients in the shortest time and in the least invasive way possible. Another major trend that

has emerged in recent years has been termed ‘personalized medicine.’ Discoveries in genetics and proteomics have

revealed that individual patients apparently suffering from the same disease at the same stage of advancement, can

in reality be very different. Nanopharmaceuticals will have a great role to play in personalized medicine. Not only

will the particular drug, patient dosage and administration schedule be adjusted according to results of genetic and

proteomic investigations, but the precise nanoformulation may also be tailored according to laboratory tests and

biomarkers. Companies like Cerulean Pharma Inc. and Calando Pharmaceuticals have initiated this movement [300].

Combination nanomaterials, as mentioned earlier, with enhanced overall performance are the future nest-egg of

the global medical market.
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Nanomedicine in the face of market failure

The conventional pharmaceutical industry has experienced some major disasters over the years. Thalidomide was

perhaps the first to come to public awareness. Thalidomide was first marketed in 1957 (West Germany) under

the brand-name Contergan as a sedative. The disaster occurred when it was used to mitigate morning sickness

in pregnant women. Shortly after the drug began to be marketed in West Germany, between 5000 and 7000

infants were born with malformation of the limbs. Throughout the world, about 10,000 cases were reported of

infants with phocomelia due to thalidomide; only 50% of the 10,000 survived [301] Another major disaster was the

Vioxx scandal involving non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs are divided into non-specific

NSAIDs that inhibit both COX1 and COX2 (diclofenac, ibuprofen, naproxen and aspirin), while there are also

COX2-specific NSAIDs (celecoxib or Celebrex, valdecoxib or Bextra, and etoricoxib or Arcoxia). There was another

COX2 inhibitor on the market called rofecoxib (Vioxx), but in 2004 it was pulled from the market by Merck amid

lawsuits, and blamed for causing between 88,000 and 139,000 heart attacks, 30–40% of which were fatal [302].

The total settlement costs were in excess of $5 billion. The so-called ‘Vioxx scandal’ has tainted the whole subject

of NSAIDs as therapeutic agents [303].

Rapid growth in the use of nanotechnology in medicine have made great promise in treatment of several diseases

such as cancer. The main class of approved nanopharmaceutical as an anticancer agents (such as doxil, abraxane)

have received FDA approval due to better efficiency and less side effects in compare to naked drug which arises

from EPR effect related to nanoformulation [304]. Generally, in cancer therapy, the EPR based nanomedicine could

alter the routine pathway of anti-cancer agent by delivering it directly to a designated part (i.e. tumor). According

to successes and large market size of anti-cancer nanomedicine (Table 1), big and well-known pharmaceutical

companies made an investment in this field. However, the threat of failure always accompanies such investments.

One shocking example, have happened with BIND Therapeutics Inc. while they had declared bankruptcy in 2013.

The production of BIND-014 an anticancer nanomedicine made of docetaxel coated polymer with targeted ligand,

which were believed to be safer and efficient than docetaxel and had found successes in small clinical trials, failed

in larger-sized trials [305]. The problem might be laid on the efficiency of nanoformulation to be better or the same

as docetaxel alone. It should be considered that in development of nanomedicine, there is large distance between

the products in laboratory bench to commercial products. New horizons exist in progress of new nanoformulation,

however, there are several diminishing that might disappoint researchers and industries.

Challenges on the way to market

Even though there has been a huge number of reports and studies related to nanoformulation of drugs, only a

handful of such nanosystems have progressed to market-related assessment and again an even smaller handful have

received final approval. Based on some reports, the translation of basic science to clinical application has been less

than 10% [306]. Therefore, drugs passing through what is known as the ‘valley of death’ seems not to be easy. This

can lead to a time-consuming, expensive, ineffective series of investigations, which escalates health care costs as a

whole [110].

The reasons for such an undesirable state of affairs probably lie in different areas and aspects of the process.

One of the main challenges concerns the in vivo behavior of NPs, which is likely to be very different from their

in vitro behavior. Cellular interactions, tissue transportation, diffusion and biocompatibility, are the main issues,

which need to be thoroughly investigated using different animal (in vivo) models. Conducting these experiments

to sufficient proof of efficacy and safety is not easy or cheap.

Another challenge, especially for tumor-targeted nanoformulations is the complexity and heterogeneous nature

of tumors. Differences between different tumors, with regards to gene expression profiles, molecular patterns and

degree of drug resistance, could hinder the penetration, and decrease the effectiveness of tumor-targeted NPs [307–

310]. This difficulty could lead to an unsuccessful clinical trial (despite promising preclinical data in animals) and

rejection of the tested nanoformulations.

Specific drug penetration into tumors, the efficiency of drug release into the target cells, and the availability of

the drug loaded NPs, are other aspects which need and accurate professional experimentation [307]. Due to time

and money issues, this thorough experimentation may not be available in all biomedical laboratories which itself is

another problem.

The multifunctional structure and activity of some nanoformulations could be another challenge on the road to

nanoformulation approval. Many investigative nanoformulations possess a hybrid structure and contain separate

diagnostic and therapeutic elements. Different experiments will be needed to demonstrate the safety of such systems,
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and the long-term biocompatibility of these systems is still not clear [311,312]. Regarding this issue, the regulatory

authorities have different restrictions, and time-consuming and expensive regulatory studies will be necessary to be

sure about the long-term safety of these theranostic nanoformulations.

Most of the classical methods for the synthesis of nanoformulations are still imperfect and need further improve-

ment and optimization. Batch-to-batch variation is another challenge that can hamper the production of sufficient

stocks of nanoformulations to achieve market approval. Upscaling production methods and characterization of

nanoformulations in a highly precise way are likely to be laborious, time consuming and costly [311,313,314].

In general, the challenges which limit the market entrance of nanomedicines can be categorized as financial

challenges, ethical challenges and regulatory challenges [315].

With respect to financial challenges, most academic laboratories are not able to provide the required levels of

financing [315]. Accordingly, most of the basic research studies will cease at the laboratory level due to financial

constraint for further development and evaluation. Without financial support, not even a single basic formulation

could enter into clinical trials. Recruiting specialists, obtaining bulk raw materials, scaling up of production

methods, compensation for the volunteers and executing the precise measurement and evaluation required, are

some of the tasks in this area, which could not take place without considerable financial investment. Based on

one survey, most of basic nanomedicine researchers express a consensus opinion about the difficulties in attracting

attention from commercial companies [315]. According to one researcher, companies are not eager to participate

and will not risk their investment in another rival product, since they often have their own product on the way to

market [315].

Ethical issues exist regarding all medicines, and nanomedicines are no exception, where issues are often based

on cost/benefit evaluation. Most human clinical trials in nanomedicine are performed on people suffering from

incurable diseases, or patients who have received many different treatments without any beneficial effect on their

disease [316]. In spite of the valuable knowledge obtained by these clinical trials, most of the participants are unlikely

to get any individual benefit by taking part in such a clinical trial. The main challenge here is in the early stage

of clinical trials, where the benefit/harm ratio on the health effects caused by the nanoformulation are unknown.

In this situation, many ethical issues will arise. Exaggerated caution exerted by ethical committees, the inability

to provide sufficient correct information about the risks, benefits, and likely outcome of the trials, and other

humanitarian issues should certainly be included. These are the main ethnical issues which can hinder the whole

process of clinical trials [315–317].

The established regulations (in some cases, undesired regulations), laid down by drug authorities, are another

challenge on the road to new nanoformulations. The regulations of the EMA and the FDA are different from

each other, are and these regulations always undergoing some periodical changes. Accordingly, such regulations can

significantly affect the whole processes of clinical trials [311,315].

Once it has been decided that clinical trial needs to be planned and executed for a new nanoformulation,

different drug authorities with their strict regulations will arrive on the scene. Although, they can provide a source

of valuable information and advice, especially in the design and development of clinical trials, their regulations

usually involve differences between national and ethnic groups, and sometimes there is a request for different

clinical trials on individuals from different national or ethnic groups. Delivery of precise and detailed information

about the nanocharacterization and safety of the nanomedicines to the drug authorities could also be another

roadblock [311,315].

All these limitations can affect the motivation of academic investigators to start or continue their basic nanodrug

related experiments that will eventually reduce the overall number of nanomedicines on the market. Providing

appropriate financial support, better attention to ethical issues, and establishing means for robust ethical oversight,

as well as harmonizing the regulations among different countries could all facilitate and improve the bench-to-market

process (Figure 10).

Conclusion

Currently marketed nanomedicines include nanocrystals, liposomes and lipid nanoparticles, PEGylated polymeric

nanodrugs, other polymers, protein-based nanoparticles and metal-based nanoparticles. A range of issues must be

addressed in the development of these nanostructures. Ethics, market size, possibility of market failure, costs and

commercial development, are some topics which must be considered. After passing all the ethical and biological

assessments, and satisfying the investors as to future profitability, only a handful of these nanoformulations, are

likely to become successful and profitable medicines.
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Future perspective

In recent years, the rising cost of healthcare has been a worrying concern for most of the developed and even

developing countries. To maximize cost efficiency, it is critical that governments acquire a deeper understanding

of the cost–effectiveness of nanopharmaceuticals [304,318]. It should be noted that the first step in developing

this market, is a standardized cost–effectiveness study that demonstrates whether the additional health benefits

of nanopharmaceuticals compared with standard formulations could be worth the additional cost. By so doing,

governments will be free to issue clear guidelines and analyze the financial rewards of developing this market [319].

The present absence of such basic information is not the only barrier hampering the efficient commercialization

of nanomedicines. The progress of this market depends entirely on the assurance of patients, citizens as well as

physicians about the commercial success and safety of nanomedicines. To overcome this challenge, the future

market needs more public awareness of benefits, risks and safety concern regarding nanopharmaceuticals [320].

Despite all the above-mentioned challenges, the authors anticipate that the market for nanopharmaceuticals and

nanomedicines will develop further over the next five years, mainly thanks to advances in bionanotechnology and

nanoengineering, introduction of clear rules on new nanotechnology-based drugs, more funding from government

organizations [98], more consensus on environmental issues, and formation of partnerships between nanomedicine

startups or R&D departments and leading medical and pharmaceutical companies [321]. In other words, to persuade

10.2217/nnm-2018-0120 Nanomedicine (Lond.) (Epub ahead of print) future science group



Nanomedicines on the market Review

investors about the value of nanopharmaceuticals, and improve the overall health and welfare of the society,

intellectual property and regulatory agencies need to change their ways meet the special needs of nanomedicines

and shorten their time to regulatory approval. However, in the case of nanodrugs, it is especially important to

consider the risks to health and to the environment. In some cases, it may be necessary to take a step backward and

re-analyze the situation, in order to be better placed for long-term rational planning for the future, and not just

think about the short-term benefits.

Another equally important factor which has attracted the attention of researchers and companies is the growing

role that cancer plays in mortality and morbidity figures worldwide. For instance, in September of 2016, five out

of 17 FDA-approved drugs were cancer-related. This and the high number of other cancer related pharmaceuticals

approved during past years demonstrates not only the urgent requirement for better cancer treatments by the

patients, but also the enormous market for cancer treatment. The combination of chemotherapy and photothermal

or photodynamic therapy also holds great promise. However, these are drug device combinations and may be more

difficult to advance to full approval. Diseases involving the immune system are very important to the pharmaceutical

industry as well. These applications may involve stimulating the immune system to fight infections and cancer,

but also down-regulating the immune system to fight against auto-immune diseases and allergies. All in all, we

believe that the increasing rate of cancer-related deaths, are driving forces behind the expected increase in global

nanomedicine market size in coming years.

Executive summary

• ‘Nanomedicine’ is an emerging �eld describing the production and marketing of nanoformulated drugs.

• A rational pathway for the development of nanopharmaceuticals from laboratory to commercialization covers

techniques, costs, ethics and US FDA approval.

• Nanopharmaceuticals currently on the market are categorized into crystalline, liposome-derived, polymeric-type,

protein-based and metal-based.

• In each category approved nanopharmaceuticals are listed by their commercial brand name.

• Their FDA approval date, chemical structure, applications and mechanisms of action are summarized.

• Challenges and trends in marketing, along with the possibility of market failure are provided.

• Future perspectives are given for nanopharmaceuticals and development of new nanoformulations.
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