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Abstract
Extensive research within the last two decades has revealed that most chronic illnesses, including
cancer, diabetes, and cardiovascular and pulmonary diseases, are mediated through chronic
inflammation. Thus, suppressing chronic inflammation has the potential to delay, prevent, and
even treat various chronic diseases, including cancer. Various nutraceuticals from fruits,
vegetables, vitamins, spices, legumes, and traditional Chinese and Ayurvedic medicine have been
shown to safely suppress proinflammatory pathways; however, their low bioavailability in vivo
limits their use in preventing and treating cancer. We describe here the potential of
nanotechnology to fill this gap. Several nutraceuticals, including curcumin, green tea polyphenols,
coenzyme Q, quercetin, thymoquinone and others, have been packaged as nanoparticles and
proven to be useful in “nano-chemoprevention” and “nano-chemotherapy.”
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1. Introduction
The natural products are valuable sources of bioactive compounds [1], and have been
considered the single most successful discovery of modern medicine [2]. In recent years,
natural dietary agents have drawn a great deal of attention both from researchers and the
general public because of their potential ability to suppress cancers as well as reduce the risk
of cancer development [3]. However, a large number of natural products have never been
replicated by synthetic medicinal chemistry, which illustrates the importance of drug
discovery to identify active compounds and define novel pharmacophores [4]. Also because
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of their low solubility, many phytochemicals are poorly absorbed by human body, thus one
of the most important and interesting applications for encapsulation of phytochemicals is to
enhance the bioavailability of phytochemicals by changing the pharmacokinetics and
biodistribution [5].

In the past decade, tremendous advancement has been made toward making nanoparticle-
based therapeutic products and formulations commercially available. A 2006 European
Technological Observatory survey showed that more than 150 pharmaceutical companies
were developing nanoscale therapeutics [6] The idea of controlled drug delivery has been
shown to improve the therapeutic index of drugs by increasing their localization to specific
tissues, organs, or cells [7,8]. This approach tends to decrease potential side effects by
leaving the normal sensitive cells unharmed. Contemporary systemically administered
chemotherapeutic agents are extremely toxic to cancer cells, but can also harm normal cells
leading to serious side effects [9]. Controlled drug delivery systems administer the required
amount of the drug to the target site and prevent it from circulating until its half-life finishes.
The career system associated with site-specific drug delivery can be modulated for better
pharmacokinetics and drug bioavailability [5]. More than half of the chemotherapeutic
agents currently being administered either are plant derived or semi-synthetic in nature. The
inevitable share of botanicals, therefore, in the development of modern chemotherapeutics is
beyond doubt. Several different classes of active natural products have been documented.

According to the National Nanotechnology Initiative (NNI; http://www.nano.gov)
nanotechnologic structures should be only 1-100 nm in at least one dimension. This size
requirement can be achieved through various rational designs, including top-down and
bottom-up approaches. Nanocarriers have the potential to modify modern drugs by
increasing their efficacy, stability, and solubility; decreasing their toxicity; and sustaining
their release [10]. Nanoparticulate drug delivery systems using liposomes and biodegradable
polymers have attracted increasing attention in recent years. In addition to liposomes and
biodegradable polymers, the most common materials for nanocarriers include dendrimers,
virus nanoparticles, and magnetic nanoparticles[11] (Fig. 1). Some of the commonly used
methods to characterize the nanoparticles are depicted in Fig. 2. The most noticeable
nanotechnologic applications in medicine have been related to oncology [12,13]. In this
review, we discuss the recent advances made in approaches for targeting anticancer
bioactive natural products in both basic research and clinical trials.

2. Inflammation, chronic diseases and cancer
A growing body of evidence suggests that many neoplasms are initiated by infections [14].
Some recent reviews have discussed intimate connection between inflammation and cancer
[15-17]. Inflammation is known to contribute to physiological and pathological processes
such as wound healing and infection by the activation and directed migration of leukocytes
from the venous system to sites of damage[14]. Inflammation functions at all three stages of
tumor development: initiation, progression, and metastasis. Tumor cells produce various
cytokines and chemokines that attract leukocytes. The inflammatory component of a
developing neoplasm may include a diverse leukocyte population that includes neutrophils,
dendritic cells, macrophages, eosinophils, and mast cells [18]. It is believed that tumor-
associated macrophages are a significant component of inflammatory infiltrates in neoplastic
tissues and are derived from monocytes that are recruited largely by monocyte chemotactic
protein (MCP) chemokines. The proinflammatory cytokines, including tumor necrosis
factor-alpha (TNF-α) and interleukin-6 (IL-6), induce direct effects on stromal and
neoplastic cells in addition to their roles in regulating leukocyte recruitment. The direct
evidence for the association of chronic inflammation with malignant diseases is in colon
carcinogenesis in individuals with inflammatory bowel diseases [19,20]. The emerging
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concept in clinical trials reveals that inflammation is a potential therapeutic target in cancer
treatment and nonsteroidal antiinflammatory drugs are thereby potentially useful as adjuvant
therapy [21].

Inflammation also plays a key role in the physiology of arthritis, diabetes, heart disease,
irritable bowel syndrome, Alzheimer's disease, Parkinson's disease, and many other
illnesses. In Type I diabetes, the immune system attacks the cells that make insulin. Children
who have allergies are less likely to develop Type I diabetes. Several spices, vegetables, and
fruits have potent antiinflammatory properties. For example, curcumin (diferuloylmethane)
is a major constituent of the yellow spice turmeric, derived from the rhizomes of Curcuma
longa. It is safe and nontoxic and has demonstrable antitumor, antiinflammatory, apoptotic,
and antioxidant properties. We have shown previously that curcumin inhibits tumor
metastasis, invasion, and angiogenesis [22]. Beside curcumin, the potential of red chili
(capsaicin), cloves (eugenol), ginger (zerumbone), fennel (anethole), kokum (gambogic
acid), fenugreek (diosgenin), and black cumin (thymoquinone) in cancer prevention has
been established [23].

3. Antiinflammatory nutraceuticals
A wide variety of nutraceuticals, the most common of which are shown in Table 1, are
known to possess antiinflammatory properties. Extensive research within the last two
decades has revealed that curcumin exhibits antioxidative, antiinflammatory, antiapoptotic,
antiproliferative, antiinvasive, and antiangiogenic activity [24]. Animal studies have
revealed that curcumin can prevent carcinogen-induced tumorigenesis and inhibit the growth
of implanted human tumors [25]. Such studies have led to clinical trials of curcumin in
patients with colon cancer [25-27], familial adenomatous polyposis [28], pancreatic
cancer[29] , and multiple myeloma [30]. Unfortunately, these studies revealed that one of
the major limitations of curcumin is its low oral bioavailability in vivo. Traditionally,
turmeric is delivered orally as an emulsion in oil or milk, perhaps because of the
hydrophobic nature of its bioactive constituents, such as curcumin and turmeric oil.
Curcumin has indeed been shown to interact with phospholipids [31-34], surfactants[35],
proteins [36], and cyclodextrin [37]. Various methods have been tried to enhance curcumin
delivery, including its incorporation into liposomes [38,39] and into phospholipid vesicles
[40]. The latter was used to deliver curcumin intravenously to bone morrow and splenic
macrophages. Another way to solve the problem of lack of water solubility and poor oral
bioavailability is the use of polymer-based nanoparticles [41]. Studies from our laboratory
showed that serum levels were almost twice as high and half-life was substantially longer in
curcumin-nanoparticle than in free curcumin [42].

Many other spice-derived nutraceuticals have been found to play a role in reducing
inflammation. These include ajoene, allicin, allyl isothiocyanate, anethole, apigenin,
capsaicin, carnosol, caryophyllene, cinnamaldehyde, diallyl sulfide, eugenol, [6]-gingerol,
humulene, kaempferol, limonene, myrcene, [6]-paradol, perillyl alcohol, phytic acid,
piperine, quercetin, sulforaphane, ursolic acid, and zinger-one. Many of these nutraceuticals
target the transcription factor NF-κB, leading to its down-regulation [43]. Other flavonoids,
such as resveratrol, butein, cardamomin, chalcone, silibinin, xanthohumol, fisetin,
epigallocatechin gallate (EGCG), etc. derived from fruits, vegetables, legumes, spices, and
nuts also suppress the proinflammatory cell signaling pathways and thus can prevent and
even treat the cancer [44].

4. Nanotechnology
Therapeutic uses of nanotechnology typically involve the delivery of small-molecule drugs,
peptides, proteins, and nucleic acids. Nanoparticles have advanced pharmacological effects
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compared with the therapeutic entities they contain. Active intracellular delivery and
improved pharmacokinetics and pharmacodynamics of drug nanoparticles depend on various
factors, including their size and surface properties. Nanoparticle therapeutics is an emerging
treatment modality in cancer and other inflammatory disorders. The National Cancer
Institute has recognized nanotechnology as an emerging field with the potential to
revolutionize modern medicine for detection, treatment, and prevention of cancer [45]. More
selective therapies, such as angiogenesis inhibitors, vascular disrupting agents, and estrogen-
and HER-2-targeted therapies have been developed to treat cancer. These approaches have
increased patient survival because of treatment efficacy [25]. Most solid tumors possess
unique features, including enhanced angiogenesis, defective vasculature and lymphatics, and
increased vascular permeability, which stimulate their growth. Rationally designed
nanoparticles can take advantage of these tumor features to deliver chemotherapeutics
selectively and specifically. Some commonly used materials for preparation of nanopartcles
and their advantages are shown in Table 2. The key properties of nanoparticles that can be
used for delivering anticancer drugs are discussed in the following sections:

Nanoparticle size
: The National Cancer Institute currently recommends that the size of the nanoparticles be
10-100 nm. Even though the upper limit of nanoparticle size is not strictly defined, the lower
limit (10 nm) is fixed based on the threshold for first-pass elimination by the kidneys [46].
Size is a key factor in the biodistribution of long-circulating nanoparticles on the basis of
physiological parameters such as hepatic filtration, tissue extravasation, tissue diffusion, and
kidney excretion [47]. Tumor-targeting nanoparticles must resist hydrostatic and
biophysical/biochemical barriers, overcome cellular resistance to treatment, resist
biotransformation, and resist sudden degradation, immediate clearance, and enhanced
distribution even in poorly perused areas [48].

Surface characteristics
The surface properties of nanoparticles determine their interaction with the local
environment. Sterically stabilized nanoparticles exhibit minimal self and non-self
interactions [13]. These particles keep slightly high or low negative or positive charges on
their surfaces, which leads to an increased reticuloendothelial clearance; therefore,
minimizing nonspecific interactions and controlling surface charge by steric stabilization
helps to prevent nanoparticle loss in undesired locations to a certain extent. Nanoparticles
have high surface-to-volume ratios, which can be manipulated by rational design. The
surface properties of the nanoparticles will determine their solubility, stability, and
clearance. It has been shown that polymer drug or antibody conjugates have superior half-
lives, which can improve the pharmacokinetics of the drug [49]. Increased opsonization
associated with nanoparticles’ surface during circulation can trigger substantial hepatic
agglomeration. Peggylation has been shown to reduce protein absorption. In general,
peggylated nanoparticles have longer circulation times and higher levels of tumor
accumulation than non-PEGylated nanoparticles [50]

Targeting
Any ideal therapy to treat a disease should destroy specifically diseased or affected cells in
an organ while conserving normal cells. Ultimately, targeting will enable the cancer cells to
receive the pharmacologically required concentration of the drug molecules. Various
targeting approaches, including passive and active targeting of drug molecules, are well
characterized and studied. A large body of evidence suggests that these targeting strategies
could overcome drug resistance and side effects to the vital organs and could minimize
systemic drug administration.
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Passive targeting
Passive targeting can be achieved by changing the physiochemical characteristics, pH, or
hydrophobicity of nanoparticles. Passive targeting of nanoparticles utilizes the EPR of tumor
blood vessels. Nanoparticles that escape the reticuloendothelial system (RES) can circulate
for longer times in the bloodstream and have a greater chance of reaching the targeted tumor
tissues. To supply oxygen and nutrients to the tumor, rapidly-growing cancer cells have
enhanced neovascularization [51]. This imbalance of angiogenic regulators such as growth
factors and matrix metalloproteinases makes tumor vessels highly disorganized and inflated
with enlarged gap junctions between endothelial cells and improper lymphatic drainage [52].
Table 3 lists several of the passively targeted drug candidates currently approved by the
Food and Drug Administration (FDA) or being considered by pharmaceutical companies.

Superparamagnetic dextran-coated iron oxide nanoparticles (SDIONs) and
superparamagnetic iron oxide nanoparticles (SPIONs) are widely used to achieve passive
targeting. SDION conjugates could protect the DNA inside the body and prevent
nanoparticle carrier/gene compounds from being dissociated and nonspecifically distributed.
Moreover, compared with viral vectors and liposomes, tiny SDIONs could effectively evade
phagocytosis by macrophages, thus prolonging the drug's circulation time in the body and
increasing its transfection efficiency, and hence playing an important role in locating and
targeting [53]. SPIONs are widely accepted magnetic resonance imaging (MRI) contrast
agents for clinical use and have several important advantages over traditional gadolinium-
based MRI contrast agents: lower toxicity, stronger enhancement of proton relaxation, and
lower detection limits [54].

Active Targeting
Cancer biomarkers include a variety of molecules, such as mutant genes, RNAs, proteins,
lipids, carbohydrates, and small metabolite molecules. The identification of such biomarkers
is very important for individualized cancer treatment. Active targeting of cancer cells by
multifunctionalization, in which drugs and contrast agents are attached, involves a corona of
polymeric material that improves biokinetics and biodistribution and a ligand that adds
specificity for cancer biomarker molecular recognition and attaches to cancer cells [8,55].
One major advantage is the nanoparticles’ surface functionality, which allows for the
selective coupling of imaging agents and targeting of ligands and/or other components to
increase tumor specificity. Adding a targeting moiety onto the surface of nanoparticles can
increase selective cellular binding and internalization through receptor-mediated
endocytosis. The ideal active-targeting nanoparticles should meet the following criteria:
specificity to exclusively target cancer cells, faster uptake through receptor-mediated
endocytosis, faster delivery to tumors, stability of ligands until the drug reaches the target,
stealth nature or neutral surface coating, and increased retention through
compartmentalization. Therapeutic nanoparticles that are already in preclinical and clinical
trials are shown in Table 4.

Structures such as antibodies, antibody fragments, proteins, small molecules, aptamers, and
peptides have all demonstrated the ability to induce nanoparticle targeting of cancer cells.
Ferrari [8] showed that silicon and silica are emerging as interesting candidates for
injectable nanovectors. Porosified silicon is biodegradable with kinetics of degradation that
are much more rapid (minutes to hours) than those of the other biodegradable polymers
(weeks to months), and therefore release drugs with previously unattainable time profiles.
Metal-based nanovectors include nanoshells [56], which comprise a gold layer over a silica
core and are considered to be highly selective, externally activated therapeutic agents. The
relative distribution of cancer signatures and markers associated with the tumor
microenvironment have been detected by multifunctional nanoparticles such as cross-linked
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iron oxide nanoparticles which were conjugated to annexin-V, which recognizes the
phosphatidylserine that is present on apoptotic cells and were used for MRI identification of
camptothecin-induced apoptosis of Jurkat T cells in vitro [57]. Apart from HER2,
transferring receptor, prostate specific antigen (PSA), and prostate specific membrane
antigen (PSMA), another protein that has shown potential for targeted cancer therapy is the
urokinase plasminogen activator,(uPA), a natural ligand for the urokinase plasminogen
activator receptor for targeting the overexpressed receptors on colon and breast cancers [58].
In a recent study, hydrophobically modified carboxymethylated chitosan nanoparticles were
used for the targeted delivery of paclitaxel. The surface of the nanoparticles was modified by
the covalent attachment of folic acid by simple carbodiimide reaction to achieve tumor cell-
targeting properties [59]. The hybrid systems consisting of anticancer drugs such as
methotrexate or 5-fluorouracil and a two-dimensional inorganic delivery carrier like layered
double hydroxide (LDH) were described by Choi et al. [60]. The advantage of the LDH
nanoparticles, such as 5-fluorouracil-LDH, is that they rapidly excrete from the body and do
not accumulate in the organs after administration. Therefore, the hybrid system is a
promising anticancer chemotherapy agent for tumor targeting with biocompatibility.

As mentioned earlier in Section 3, even though natural products are potential candidates for
treating many dreaded diseases, the amount of the drugs needed usually impedes the further
development of those drugs as single agents and results in the search for semisynthetic or
synthetic scaled-up strategies. Potential approaches to overcoming this scenario include
targeted delivery of these drugs. In a recent study, genistein was covalently attached to
Fe3O4 nanoparticles coated by cross-linked carboxymethylated chitosan (CMCH) to create a
new, multifunctional, tumor-targeting drug delivery system [61]. The results from this study
indicate that the Fe3O4-CMCH-genistein nanoconjugate significantly enhanced inhibition of
SGC-7901 cancer cells compared to genistein alone. This drug delivery system may be
promising for a future multifunctional chemotherapeutic application that combines drug
release and magnetic hyperthermia [61].

5. Formulation technologies
Efficient delivery of bioactive agents and peptides and drugs to the systemic circulation and
then to a target cell or organ has received considerable attention in medicine because of
recent advances in biotechnology.

Nanoprecipitation
This method of formulating nanopharmaceuticals involves the nanoprecipitation of a
preformed polymer from an organic solution in which it is held by the diffusion of the
organic solvent in the aqueous medium in the presence of a surfactant. This method is
basically applicable to lipophilic drugs because of the miscibility of the solvent with the
aqueous phase [62]. Briefly, the poly(lactic-co-glycolic acid) (PLGA) and the drug are
dissolved in acetone or other organic solvents. The organic phase is then poured into water
containing PluronicF-68 as a surfactant. The organic solvent is immediately removed from
the colloidal suspension by rotaevaporation under reduced pressure. The resulting particle
suspension is filtered through a 1.0-μm cellulose nitrate membrane filter, adjusted in size by
mechanical extrusion, and concentrated to a desired volume by the removal of water under
the same conditions. The amount of drug present in the nanoparticles is determined as the
difference between the total amount of the drug used to prepare the nanoparticles and the
amount of the drug present in the aqueous medium. The drug present in the aqueous medium
analyzed by directly injecting into a high-performance liquid chromatography system under
standard conditions.
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Thymoquinone (TQ), derived from the medicinal spice Nigella sativa, has been shown to
exhibit antiinflammatory and anticancer activity. TQ nanoparticles prepared by
nanoprecipitation have shown improved effectiveness and bioavailability [63]. Our previous
study also showed that curcumin-loaded PLGA nanoparticles prepared by nanoprecipitation
enhanced cellular uptake and increased bioactivity in vitro and superior bioavailability in
vivo over free curcumin [42].

Nanoemulsion techniques
Another method for formulating nanoparticles is nanoemulsion, a heterogeneous mixture of
oil mixtures of very-small-diameter oil droplets in water (20-500 nm). They are used in
various chemical, pharmaceutical, and cosmetic applications and have been widely tested for
transdermal applications. The advantages of nanoemulsions include an opportunity to
solubilize hydrophobic compounds in the oil phase, modify the surface of the oil droplets
with polymers to extend circulation times, and passively target tumors and/or actively target
ligands [64]. The oil-containing nanoemulsions are prepared by coarse homogenization
followed by high-energy ultrasonication as previously described [65,66]. Briefly, the
aqueous phase is prepared by adding egg lecithin to the deionized water, and stirred at high
speed. The drug of interest is dissolved in a suitable organic solvent and dispersed in oil.
The mixture is then heated to 70-75° C to evaporate the aqueous phase. This oil phase that
contains entrapped drug, is then added gradually to the aqueous phase and homogenized to
produce the coarse oil-in-water emulsion [64]. The coarse emulsion is then ultrasonicated to
obtain the nanosized oil droplets.

The peculiarity of nanoemulsions, making them prime techniques for nanoparticle
engineering, lies in the long-term kinetic stability of their droplet suspension Nanoemulsions
last for months and withstand dilution and moderate temperature changes. Two widely
accepted methods are used to prepare nanoemulsions: high-energy emulsification and low-
energy emulsification. High-energy emulsification utilizes high (mechanical) energy; this
common method is particularly exploited in nanoemulsion polymerization [64]. The
mechanical processes that generate nanometric emulsions include initial drop creation,
followed by the deformation and disruption of these macrometric initial droplets, and
surfactant absorption at their interface to ensure steric stabilization [67]. On the other hand,
low-energy emulsification uses the rapid diffusion of a water-soluble solvent, solubilized
first in the organic phase, and again in the aqueous phase, when the two phases are mixed.
Current literature on spontaneous emulsification emphasizes the solvent displacement
method, also called the “Ouzo effect [64,68,69], which consists of nanoemulsion
formulation due to the specific and very rapid diffusion of an organic solvent (e.g., acetone
or ethanol) from the oil phase to the aqueous phase.

Nanoemulsion of caffeine (1,3,7-trimethylhanthine), found in tea leaves, coffee, cocoa,
guarana, and kola nuts, has been widely studied and has tremendous potential, since caffeine
could protect the skin from ultraviolet light-induced skin cancer [70].

Reverse-phase evaporation
The reverse-phase evaporation method is widely used to prepare liposomes for various drug
delivery purposes [71-73]. Several phospholipids, either pure or mixed with other lipids
such as cholesterol or long-chain alcohols, may be used. The lipid mixture is added to the
organic solvent and then the solvent is removed under reduced pressure by rotaevaporation.
The system is then purged with nitrogen and the lipids are re-dissolved in the organic phase,
in which the reverse-phase vesicles are formed. When the lipids have low solubility in ether,
chloroform or methanol can be added to increase their solubility. The system is kept
continuously under nitrogen and the aqueous phase and the resulting two-phase system is
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sonicated briefly (2-5 min) until the mixture becomes either a clear one-phase dispersion or
a homogeneous opalescent dispersion that does not separate for at least 30 min after
sonication. The organic solvent is then removed under reduced pressure by rotaevaporation.
As the majority of the solvent is removed, the material first forms a viscous gel, then
subsequently (within 5-10 min) becomes an aqueous suspension. The preparation is then
either dialyzed or centrifuged to remove nonencapsulated material and residual organic
solvent [71].

6. Role of nanotechnology for nutraceuticals
Nano formulations of nutraceuticals essentialy follow the general principles of
nanotechnology. Therefore, the nanotechnology platforms are widely being used create
delivery systems for bioactive natural products and nutraceuticals with poor water solubility.
The market projections for these technologies suggest a multifold increase in their
commercial potential over the next 5 years. Table 5 summarizes a list of nutraceuticals, the
materials used for preparing nanoparticles, the size of the nanoparticles, and their possible
tissue/cancer targets. Some of the extensively studied nutraceutical nanoparticles are
discussed below.

Curcumin, for example, has minimal systemic bioavailability, but its biologic activity and
bioavailability have been tremendously increased via various nanoparticle formulations.
Although many published studies have proposed curcumin, with its antiinflammatory and
anticancer properties, as safe for cancer therapy and chemoprevention, the compound has by
no means been embraced by the cancer community. A phase I study of colorectal cancer
patients found that the systemic bioavailability of postoperatively administered curcumin is
low in humans [29]. In this study, patients with hepatic colorectal cancer metastases were
administered 3,600 mg of oral curcumin daily, and levels of curcumin and its metabolites
were measured by high-performance liquid chromatography in portal and peripheral blood.
Curcumin was poorly available following oral administration, with low nanomolar levels of
the parent compound and its glucuronide and sulphate conjugates found in the peripheral or
portal circulation [112]. Bisht et al. have developed nanoparticulate curcumin using cross-
linked polymeric nanoparticles comprised of N-isopropylacrylamide, N-vinyl-2-
pyrrolidinone, and PEG acrylate, which has been tested in various pancreatic cancer cell
lines. In this study, nanoparticulate curcumin showed superior cytotoxicity and
downregulated multiple proinflammatory markers in a dose-dependent manner [83].
Another study revealed that nanoparticle encapsulation improves the oral bioavailability of
curcumin by at least 9-fold when compared to curcumin administered with piperine as an
absorption enhancer. In this study, curcumin-encapsulated nanoparticles were prepared by
emulsion, and a particle size of 264 nm showed enhanced in vivo pharmacokinetics with a 9-
fold increase in oral bioavailability compared to curcumin administered with piperine as an
absorption enhancer [113]. In another study, piperine has been found to enhance the
bioavailability of curcumin in both preclinical and clinical studies [114]. It has been
suggested that piperine can inhibit curcumin-metabolizing enzymes and thereby circumvent
first-pass metabolism[113]. Ursolic acid (UA), another poorly soluble natural product, is a
triterpenoid with a wide variety of antitumor activities [115]. To achieve a high
bioavailability, targeting effect, stability, and intravenous administration, UA phospholipid
nanopowders have been prepared by solvent emulsification-evaporation and ultrasonic
dispersion [111]. However, limited biological testing of these particles has been reported.
Lee et al. [116] have tested the ability of nanoparticles to deliver bioactive agents by
preparing amphiphilic self-assembled nanoparticles composed of chitosan and UA for
protein delivery to the skin. Topical treatment of skin diseases has the advantage that high
drug levels can be achieved at the site of disease and systemic side effects can be reduced
compared to oral or parenteral drug administration. Topical drug administration is still a
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pharmaceutical challenge because of the difficulties of controlling and determining the exact
amount of the drug that reaches the different skin layers [117]. Natural products like
curcumin and UA are potential candidates for treating various skin conditions, namely
atopic eczema, psoriasis, acne, skin mycosis, and inflammations. Nanoformulations will
make these candidate drugs much more valuable in the pharmaceutical market in the coming
decade. It has been shown that it is possible to enhance percutaneous absorption with lipid
nanoparticles. These carriers may even allow drugs to target the skin or even its
substructures. Thus, they might have the potential to improve the benefit-to-risk ratio of
topical drug therapy [117].

Triptolide is a purified compound of a traditional Chinese medicine with antiinflamatory,
immunosuppressive, antifertility, and antineoplastic activity [118]. Mei et al. showed that
solid lipid nanoparticles prepared for transdermal delivery increased triptolide penetration
into the skin and its antiinflammatory activity [119]. It is assumed that )his strategy
improves the drug's bioavailability at the site of action, reduces the required dose, and
reduces dose-dependent side effects like irritation and stinging. Epigallocatechin gallate
(EGCG), an abundant catechin found most notably in tea, is among other plants, and is also
a potent antioxidant that may have therapeutic properties for many disorders, including
cancer [120]. A recent study showed that EGCG nanoparticles ameliorated cyclosporine-
induced nephrotoxicity in rats at a dose three times lower than the dose at which an oral
solution produced the same effect and enhanced oral bioavailability [121].

Polyphenols are another group of nutraceuticals that has proven anti-inflammatory
properties and thus has high potentials for cancer therapy. The challenge of using
polyphenols to treat cancer is their potentially low bioavailability and short half-life. One
alternative to using free compounds is to use polyphenol-loaded nanoparticles [122].
However, additional challenges are faced while encapsulating the polyphenols due to their
varying structures, moderate solubility, and fast oxidation under basic conditions
[123,124. ]. Encapsulated EGCG nanoparticles have been limited to a PLGA nanoparticulate
formulation used for in vivo evaluation of the antioxidant efficacy of EGCG in a rat model
[125] and chitosan-tripolyphosphate nanoparticles for the encapsulation of green tea
catechin extracts. A very interesting study reported EGCG encapsulation using gelatin-based
200- to 300- nm nanoparticles consisting of a soft gel-like interior and a surrounding shell of
polyelectrolytes (polystyrene sulfonate/polyallylamine hydrochloride [PSS/PAH]),
polyglutamic acid/poly-L-lysine (PGA/PLL), dextran sulfate/protamine sulfate (DexS/ProtS),
and carboxymethyl cellulose/gelatin, type A (CMC/GelA) assembled using the layer-by-
layer technique [124]. In this study, two combinations of polyanion/polycation pairs were
used to form a layer-by-layer coating around 300-nm gelatin nanoparticles, PSS/PAH
(strong polyanion/weak polycation), and PGA/PLL (weak polyanion/strong polycation), as
well as two combinations of polyanion/protein, DexS/ProtS (strong polyanion/strongly
positively charged polypeptide) and CMC/GelA (weak polyanion/weakly positively charged
protein). While these particles showed promising results in vitro, no in vivo data were
reported. Another research group introduced the concept of nanochemoprevention aimed at
using nanotechnology to enhance the outcome of chemoprevention [74]. In this study, PLA-
PEG nanoparticles of EGCG (nano-EGCG) exhibited a >10-fold dose advantage over
nonencapsulated EGCG [74].

Studies from our laboratory have shown that curcumin nanoparticles were more active than
free curcumin for inhibiting TNFα-induced NF-κB activation and suppressing NF-κB-
regulated proteins involved in cell proliferation (cyclin D1), invasion (matrix
metalloproteinase-9), and angiogenesis (vascular endothelial growth factor (VEGF)). In
mice, curcumin nanoparticles were more bioavailable and had a longer half-life than free
curcumin [42,126]. We used biodegradable nanoparticulate formulation based on PLGA and
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a stabilizer, PEG-5000, for these studies. In a similar, more recent study, we showed that TQ
exhibits antiinflammatory and anticancer activity and encapsulation of TQ enhances its
biological activity and bioavailability [63]. In that study, we observed that TQ nanoparticles
were also more potent for suppressing proliferation of colon cancer, breast cancer, prostate
cancer, and multiple myeloma cells. Esterase staining for plasma membrane integrity
revealed that TQ nanoparticles were more potent than free TQ for sensitizing leukemic cells
to TNFα- and paclitaxel-induced apoptosis [63].

Resveratrol (trans-3,4,5-trihydroxystilbene) is a natural polyphenolic compound abundant in
grapes, peanuts, red wine, and a variety of other food sources, and has been reported to elicit
many cellular responses, including cell cycle arrest, differentiation, and apoptosis, and to
inhibit the growth of several types of cancer, such as prostate and colon cancers [102,127].
However, its wide array of activity has been compromised by intrinsic features that lead to
low bioavailability, low water-solubility, and instability. Active targeting of resveratrol was
tested by formulating chitosan nanoparticles with amine-free surfaces for appropriate ligand
conjugation was prepared by sodium chloride precipitation. The absence of amine on the
surfaces allows for the design of an active target drug delivery system.

7. In vivo pharmacokinetics
Site-specific drug delivery is an important area of research that is anticipated to increase the
efficacy of drugs and reduce their potential side effects. Biodegradable polymers are
currently being used as drug carriers because of their inherent properties of controlled
release, enhanced distribution and overall pharmacokinetic availability. The release of
loaded drugs from nanoparticles may be controlled in response to changes in environmental
conditions, such as temperature and pH. Biodistribution profiles and anticancer efficacy of
nanonutraceuticals in vivo might differ depending upon their size, surface charge,
PEGylation, and other biophysical properties. Micro- and nanoparticulate systems
formulated with these polymers have shown wide applicability for oral, subcutaneous, or
intravenous delivery of lipophilic and hydrophilic drugs. Wang et al. showed that t1/2 beta
and area under the curve of a paclitaxel micelle formulation were 4.0- and 2.2-fold higher
than that of a Taxol injection. Their study of biodistribution in mice showed that the
paclitaxel micelle formulation not only decreased drug uptake by the liver but also
prolonged drug retention in the blood and increased drug distribution in the kidneys, spleen,
ovaries, and uterus, suggesting that this formulation could be a useful drug carrier for
intravenous administration of paclitaxel [128]. In a different study of the controlled release
of insulin to the lungs, insulin-loaded PLGA nanoparticles fabricated by a double emulsion
method by the aid of hydroxypropyl-beta-cyclodextrin (HPbetaCD) significantly reduced
blood glucose levels as a function of the administered dose in animal models [129]. In vivo
data show that PLGA/HPbetaCD/insulin nanoparticles can reach alveoli and release insulin,
which is absorbed in its bioactive form [129]. Another study described the development of
biodegradable nanoparticles with a core-shell structure to formulate superparamagnetic iron
oxide (CSNPSPIO) for MRI [130]. The developed nanoparticles were composed of a
hydrophobic PLGA core and a positively charged glycol chitosan shell. In this study, a high
level of radioactivity was observed in the liver shortly after the intravenous administration of
the 99-mTc-labeled CSNPSPIO. Studies from our group and others have shown curcumin as
a promising bioactive agent with antiinflammatory, antiproliferative, antiangiogenic,
antihelmintic, and wound-healing properties; however, the major challenge of curcumin is
its poor oral bioavailability in vivo. Shaikh et al. showed that the in vivo pharmacokinetics of
curcumin-entrapped nanoparticles demonstrate at least a 9-fold increase in oral
bioavailability when compared to curcumin administered with piperine as an absorption
enhancer [113].
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The rational design of nanoparticles is very important for altering the pharmacokinetics of
the encapsulated drug [7,131] The shape and size of the particles are key determinants in
governing the biodistribution and bioavailability of the cargo [132] Attaining steric
stabilization of particles with a methoxy-PEG surface brush layer is commonly utilized to
create long-circulating particles. PEGylation reduces the absorption of the
reticuloendothelial system. Tumor accumulation of the nanoparticles is a function of both
the rate of extravasation from the blood to the tumor space and the rate of clearance from the
tumor. Hydrostatic pressure in a tumor mass typically decreases from the center to the
periphery, so particles that enter into the tumor vasculature by convection are more likely to
be cleared; this washout can be reduced by restricting the movement of particles through the
extracellular tumor matrix [130].

8. Conclusion
Overall, these studies indicate that nanotechnology has great potential for delivering
nutraceuticals. To fully realize this potential, more clinical trials are needed with nano-
formulated nutraceuticals. Abraxan, protein-bound paclitaxel with a mean particle size of
approximately 130 nm for injectable suspension, has been approved by the Food and Drug
Administration for patients with metastatic breast cancer, but it requires intravenous
delivery. Oral delivery of nutraceuticals, however, is preferred. The fate of the carrier
materials used for the entrapment of nutraceuticals is also unclear at present. The short-term
and long-term effects of the carrier material remain to be understood. Another concern is
that properties of a nanoscale material may differ from the bulk-material, and it may alter
absorption, digestion, metabolism, or excretion of nanodrugs in the body. Furthermore,
because there is little information available about the potential health risk of nanoparticles,
more research on the toxicology of nanoparticles is warranted[131-133]. Chemoprevention
requires the administration of nutraceuticals to normal and healthy individuals; thus, safety
and cost are other points of concern.
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Fig.1. Different types of nanoparticles
Diagrammatic representation of some commonly nanocarriers used for the delivery of
neutraceuticals. These include dendrimers, virus nanoparticles, and magnetic nanoparticles.
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Figure 2. Physical characterization of the nanoparticles
Some of the commonly used methods to characterize the nanoparticles are depicted in the
figure. A- Scanning electron microscopy (SEM) image of nanoparticles; B- Transmission
electron microscopy (TEM) image; C- SEM image of nanoparticles after mechanical
extrusion; D – Determination of size distribution of nanoparticles by use of dynamic light
scattering (DLS).
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Table 1

Common nutraceuticals that show anti-inflammatory properties

Nutraceutical Major Activities

Apigenin Antioxidative, vasoprotective, antiinflammatory, hypocholesterolemic

Naringin Vasoprotective, antiinflammatory, hypocholesterolemic

  Ursolic acid Antioxidative, antimicrobial, antiinflammatory

Hesperidin Vasoprotective, antiinflammatory

Piperine Antiinflammatory, respiratory diseases, digestive, absorptive

Eucalyptol Gastroprotective, antiinflammatory, antioxidative, hepatoprotective

Curcumin Antioxidative, antiinflammatory, anticarcinogenic

Eugenol Antioxidative, antiinflammatory

Diosgenin Antioxidative, antiinflammatory, anticarcinogenic

Diallyl sulfide Antioxidative, antiinflammatory, anticarcinogenic

Gingerol Antioxidative, antiinflammatory, cardioprotective, antimicrobial

Thymoquinone Antiinflammatory, anticancer

Garcinol Antioxidative, antiinflammatory, anticarcinogenic

Capsaicin Antioxidative, antiinflammatory

Rosmarinic acid Antiinflammatory, respiratory diseases

Gossypin Antioxidant, antinociceptive, antiinflammatory, anticarcinogenic
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Table 2

Commonly used biosynthetic polymers for drug delivery and their properties

Carrier Properties

Polyethylene Glycol (PEG) Increases bioavailability, biocompatibility, and circulation time

poly(lactic-co-glycolic acid (PLGA) Increases biocompatibility, decreases cytotoxicity

Ployvinyl alocohol (PVA) Reduces aggregation, increases hydrophilicity and strength

Dextran Decreases agglomeration, reduces 'stealth'nessness (increases opsonization)

Polypeptide Increases targeting

Polyacrylate Increases biostability, , biocompatibility

Chitosan Increases biocompatibility, hydrophilicity, and opsonization

Hyaluronic acid Enhances bioadhesion and targeting

Galactose Increases liver targeting

Polysaccharide modifications Improve cancer targeting

Sialic acid Decreases macrophage uptake

Poly-N-isopropylacrylamide (PNIPAm) For temperature-sensitive drug delivery

Poly(N-vinyl pyrrolidone) Increases opsonization and decreases bioavailability

Polyglycolides (PGA) Increase biocompatibility and thermostability

Polyanhydrides Increase biostability and biocompatibility

Polyorthoesters Increase biocompatibility
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Table 3

List of passively targeted drug candidates currently approved by the Food and Drug Administration

Formulation Manufacturer Disease indication

Liposomal cytarabine Skyepharma Malignant lymphomatous meningitis

Liposomal morphine Skyepharma Postsurgical anesthesia

Liposomal daunorubicin Gilead Sciences HIV-related Kaposi's sarcoma

Liposomal amphotericin B Enzon Various fungal infections

Liposomal-peggylated doxorubicin Ortho Biotech/Schering-Plough Metastatic breast and ovarian cancer

Liposomal estradiol Novavax Multiple indications symptoms associated with menopause

Methoxy PEG-PLA paclitaxel Samyang Metastatic breast cancer

PEG-GCSF Amgen Chemotherapy-associated neutropenia

PEG-L-asparaginase Enzon Acute lymphoblatic leukemia

Nanoctrystalline aprepitant Elan, Merck Antiemetic
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Table 4

Active targeting of nanoparticle therapeutics in preclinical and clinical trials

Formulation Manufacturer Disease indications

PEG-anti-TNFα antibody fragment Nektar Crohn's desease, Rheumatoid
arthritis

Rhenium-labeled doxorubicin Azaya Therapeutics Metastatic breast cancer

Methotrexate-folic acid Ployamidomine (PAMAM)
dendrimers

Michigan Nanotechnology Institute,
University of Michigan

Epithelial cancers

PEGylated hyaluronidase Halozyme Therapeutics Solid tumors

Prostate specific membrane antigen (PSMA) dendrimers BIND Biosciences Prostate cancer

Transferrin-diphtheria toxin conjugate Xenova (KS Biomedix) High-grade glioma
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Table 5

List of nutraceuticals that have been formulated as nanoparticles and their characteristics

Phytochemicals Materials Size (nm; average) Targets References

EGCG PLA-PEG 260 Pancreatic cancer [74]

β-Lapachone Gold 47 Lung, colon cancer cells [75]

PLA-PEG 29.6 Lung, prostate, breast cancer
cells

[76]

Curcumin PLGA 80.9 Leukemia, colon, breast,
prostate, cancer cells

[42]

77 NPD in mice [77]

45 Prostate cancer cells [78]

Alginate-chitosan 100 ± 20 Cervical cancer cells [79]

Poly(butyl) cyanoacrylate 164–281 Neuroblastoma cells [80]

Silk 100 Breast cancer cells [81]

Casein 10~20 Cervical cancer cells [82]

NIPAAM/VP/PEG-A 50 Pancreatic cancer cells [83]

Daidzein PEGylated phospholipid 126 Cardiovascular system [84]

Dibenzoylmethane Polylactic acid 77-96 Cervical cancer cells [85]

Dihydroartemisinin Polyvinyl pyrrolidone K30 30 in vitro antimalarial [86]

Ellagic acid PLGA-polycaprolactone 120 Kidney [87]

Epigallocatechin Bovine serum albumin 200 Prostate cancer cells [88]

Eugenol Chitosan 235 Bacteria [89]

Ferulic acid BSA 100-200 Liver [90]

Bovine serum albumin 100-200 Liver [91]

Gambogic acid Fe3O4 N.A. Lymphoma cells [92]

Genistein Egg lecithin – MCT or ODD 230-280 Skin (topical target) [93]

Honokiol PEG-poly(epsilon-caprolactone)-PEG 33 Pleural tumors [94]

Naringenin Polyvinyl acetate 66 Liver [95]

Nobliletin N.A. 15.5 ± 2.9 Brain, kidney [96]

Quercetin Polylactide 50 Brain [97]

PLGA 270 Brain, liver [98]

Glyceryl monoste 20~500 Stomach, intestine [99]

Resveratrol Compritol® 888ATO-Phospholipon80H-Lutrol 180 ± 8 Keratinocyte [100]

Poly-caprolactone-PEG <100 Neuronal cell line [101]

mPEG–PCL 78.3 ± 7.9 Glioma cells [102]

Simvastatin Solutol® HS-15-Tween 20-oleic acid 39.4,78.1 Intestine [103]

Compritol® 888 ATO- Lutrol® F68 ~100 Mammary cells [104]

Glyceryl monooleate/poloxamer 407 100~150 Plasma [105]

Thymoquinone PLGA 150~200 Leukemic cells [63]

Triptolide Poly(D, L-lactic acid) 149.7 Skin (paw edema) [106]

Compritol ATO 888-tricaprylic glyceride 116.1 Kidney, liver [107]

Tristearin glyceride-lecithin- PEG400MS 123 ± 0.9 Skin [108]

Tristearin glyceride 116.1 Liver [109]
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Phytochemicals Materials Size (nm; average) Targets References

Toxifolin Polyvinylpirrolidone 150 [110]

Ursolic acid Soybean phospholipid-poloxamer 188 273.23 ± 2.3 liver [111]
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