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Abstract: The great efforts of many researchers have brought down some of the barriers that exist to turn a good in vitro
compound into a potential in vivo drug. The advent of pharmaceutical nanotechnology has allowed an arsenal of drugs
with poor stability, low solubility, high off-target toxicity and other disadvantageous features, to be accessible as pharma-
ceutical products that could be administered to a patient. Nanotechnology was introduced in drug delivery very long ago,
but has flourished with unprecedented intensity during the last twenty years and now a diversity of nano-based prepara-
tions are at clinical stage of development or already available in the market. Undoubtedly, nanotechnology plays a key
role in future pharmaceutical development and pharmacotherapy. In the first part of this review, we have already dis-
cussed recent (2008-2012) patents on linear polymer-based nanosystems (nanogels, nanospheres and nanocapsules) appli-
cations to cancer therapy. Here, we have expanded such analysis to branched polymers (dendrimers), self-assembling

nanomicelles and lipid-based nanocarriers.
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1. INTRODUCTION

Multiple dose regimes are the most frequent drug-based
therapeutic intervention. Leaving aside topical medications,
conventional drug delivery systems rely on establishing a
dynamic equilibrium or, more precisely, a pseudo-equilibrium
between the free drug plasmatic concentration and the free
drug concentrations in all the other body tissues (let us re-
member that living organisms are open systems; thus, a true
equilibrium is seldom achieved due to the permanent mass
exchange with the environment). After a number of doses are
administered, a steady state is reached, during which plas-
matic concentration will fluctuate —as long as the treatment
goes on- between practically fixed maximal and minimal
steady state concentrations. Since only the free, unbound
drug can interact with its molecular target, the free drug lev-
els at the vicinity of the site of action generally determine the
extent of the pharmacological response [1]. A non-trivial
implication of the former approach is that, to attain effective
concentrations of an active ingredient in its biophase or site
of action, the patient is subjected to systemic exposure to
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the drug, which often leads to off-target undesirable side ef-
fects. In other words, conventional drug delivery systems are
characterized by non-specific distribution. Patients receiving
anticancer treatment constitute a very illustrative example of
the consequences of the previous setting: the well-recognized
adverse reactions to chemotherapy emerge from interactions
between the drug molecules and non-cancerous, healthy cells.
These side-effects could then be ameliorated or avoided if
targeted drug delivery systems were used.

On the other hand, a number of active ingredients cannot
be fully exploited due to biopharmaceutical/pharmacokinetic
issues. For example, a given drug, due to its physicochemical
properties, might be non compatible with certain routes of
administration. Frequently, drugs with scarce aqueous solu-
bility cannot be formulated as intravenous solution. Drugs
with poor gastrointestinal absorption, high first pass metabo-
lism or low chemical stability in the gastro-intestinal media
often preclude oral administration. Active ingredients with
short half-life present difficulties to built up and sustain ef-
fective levels (reducing the duration of the pharmacological
effect or requiring large doses just to compensate biotrans-
formation). Finally, interaction of the free drug with efflux
transporters from the ABC superfamily (e.g. P-glycoprotein,
Multi-Drug Resistance Proteins) results in a reduced
bioavailability and is linked to multi-drug resistance issues in
a number of disorders such as epilepsy and cancer [2-4].
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So far we have mentioned disposition and safety issues
related to: unfavorable physicochemical properties (poor
solubility, poor permeability); unwanted interactions with the
biological systems (metabolic enzymes, transporters) and,
high off-target drug levels due to non-targeted distribution.
These problems, which occur regularly with traditional
small-molecule therapies, are even more frequent in the case
of emerging therapies, particularly, biotherapies (gene ther-
apy, therapeutic proteins), which owing to the intrinsic na-
ture of complex macromolecules are far more susceptible to
enzymatic cleavage, inactivation, poor permeability, slow
distribution and immunogenicity [5-9]. As a result, the de-
velopment of adequate delivery vectors is a key issue in the
field of advanced biotherapeutics. While traditional delivery
systems only deal with release and absorption of the thera-
peutic agent, (with no direct involvement on the modulation
of distribution and elimination processes), advanced delivery
systems should be able to retain their integrity throughout the
drug distribution events, while permeating through different
epithelia and endothelia, selectively releasing the drug in the
proximity of the drug target. An ideal drug delivery device
should, therefore: a) compensate unfavorable physicochemi-
cal properties of the active ingredient; b) encapsulate, entrap
or adsorb drug molecules; c) conceal the drug from enzy-
matic cleavage, rapid metabolization and recognition by ef-
flux transporters; d) extravasate; e) direct the drug to its
therapeutic target; in the case of intracellular targets, pro-
mote cell uptake; f) once in the vicinity of the target (and not
before), release the drug load in a controlled manner; g) pre-
sent no toxicity nor accumulation within the body, preferen-
tially, be biodegradable. Some years ago, a device which
gathered such a wide range of features would have been un-
conceivable. Today, burgeoning advances on nanobiotech-
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nology have brought us nearer and nearer to our seemingly
utopical delivery system. We have recently discussed recent
patents on linear polymer-based nanosystems applications to
cancer therapy [10]. Here, we have extended such analysis to
based on other materials, namely: branched polymers (den-
drimers), self-assembling nanomicelles and lipid-based
nanosystems. We have focused on patents published between
2008 and the present which describe embodiments related to
cancer therapeutics.

2. DENDRIMERS

Dendrimers attracted much attention after they were first
investigated by Tomalia 20 years ago [11], and they have
become a growing research area in recent years. The name
“dendrimer” comes from the greek dendron, which means
tree. They differ from traditional polymers in that they have
a multi-branched, 3D architecture with very low polydisper-
sity and high functionality. They possess perfect nanoarchi-
tectures comprising three different parts: a) a focal core; b)
building blocks with several interior layers composed of re-
peating units or folds and; c¢) multiple peripheral functional
groups [12].

Figure 1 shows a scheme of a dendrimer structure. The
dendritic structure is characterised by ‘layers’ between each
branching point: each layer of concentric branching units
constitutes one complete generation (G) in the dendrimer
series and it is identified with a specific generation number
(G2, G3....G7, etc.). The core is sometimes denoted genera-
tion ‘zero’ (GO) [13, 14].

The high level of control over the architecture of den-
drimers, their size, shape, branching length, density, and
surface functionality, make these compounds ideal carriers

(2

(2
(2)

(2
(2)

Molecular
cargo

(2
O

Surface

o o e e o o groups

Fig. (1). Schematic representation of a dendrimer structure.
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in biomedical applications such as imaging, drug delivery,
gene and cancer therapy, and many others [15-17]. Poly
(amidoamine) (PAMAM) dendrimers were the first synthe-
sized and commercialized dendrimer family, and they are
commercially available with the trade mark Starburst” den-
drimers [18, 19].

In the first part of this review [10], the role of drug deliv-
ery as a critical aspect of drug therapies has been extensively
discussed. Proper selection of the delivery system can con-
trol bioavailability and the concentration profile, and reduce
undesirable side effects. Dendrimers represent an exciting
opportunity for chemists to produce macromolecular struc-
tures with a specifically tailored function. They are the same
size as serum proteins and hence are capable of directly en-
tering into the tumor microvasculature by Enhanced Perme-
ability and Retention (EPR) effect [20, 21]. Furthermore, the
high density of surface groups allows attachment of targeting
groups as well as groups that modify the behavior or toxicity
of dendrimers, while smaller drug moieties can be encapsu-
lated in the inner core [22].

Studies of biomedical applications of dendrimers are be-
coming more and more frequent, not only as nanoparticulate
drug delivery systems but also as nonviral gene vectors [23,
24]. Using EGFP-C2 as a marker gene, it has been shown
that PAMAM dendrimers, which have positively charged
amine groups on their surface, can deliver the gene to vari-
ous organs in the body after intravenous (IV) injection,
achieving high expression levels in the lungs, liver, kidney,
and spleen, with minimum or no cytotoxicity [25].

In spite of these promising results, care must be taken
before proposing the systemic administration of dendrimeric
systems: it is worth considering their biodistribution in the
body and assessing the risk of unacceptable toxicity or im-
munogenicity that these artificial materials could cause [26].
Attaching cationic or anionic species to the dendrimer sur-
face can influence the biocompatibility and disposition of
these nanoparticles. Several studies demonstrated that the
toxicity of dendrimers is not only generation (size)-
dependent (the smaller being less toxic) but also that cati-
onic dendrimers are more cytotoxic than their anionic coun-
terparts [26-30]. Amine-terminated (PAMAM) dendrimers
have recently been shown to activate platelets and cause a
fatal, disseminated intravascular coagulation (DIC)-like con-
dition in mice and rats [31-33]. A very recent work of Jones
et al. demonstrate that, upon addition to blood, cationic G7
PAMAM dendrimers induce fibrinogen aggregation, which
may contribute to the in vivo DIC-like phenomenon [34].

Overall, dendrimers are particularly well-suited for the
delivery of anticancer drugs and imaging agents because of
their high water solubility, monodisperse size, and uniform
composition, which will lead to consistent batch-to-batch
anticancer activity of dendrimers-based drug delivery sys-
tems [14]. Cellular uptake of these systems proved to be sig-
nificantly higher than linear polymeric carriers such as N-(2-
hydroxypropyl)methacrylamide (HPMA) [35, 36] and poly-
ethylene glycol (PEG) [37, 38], which can be attributed to
dendrimer’s nano-size and compact spherical geometry in
solution.
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2.1. Optimizing Breast Cancer Therapy with Lymphati-
cally Targeted Dendrimers

Active targeting of polymer-drug conjugates to cancer
cells is commonly achieved by conjugation of tumor-specific
targeting ligands (i.e. vitamins, carbohydrate residues, pep-
tides, antibodies), which selectively bind to receptors that are
expressed on the surface of cancer cells triggering receptor-
mediated endocytosis and internalization of the whole conju-
gate. On the other hand, passive targeting relies on the EPR
effect to improve tumor accumulation of the drug, but in
tumors that are not highly vascularized, the EPR effect is
greatly reduced and untargeted nanocarriers have fewer ad-
vantages. Accordingly, passive targeting is not effective in
the treatment of tumors with low vascularity, such as cancer-
ous cells that can be found in the lymphatic system [39].

In a 2012 patent, Forrest et al. [40] developed a che-
motherapeutic composition for treating breast cancer (BC)
that has the advantage of avoiding side effects by delivering
chemotherapy directly to the tumor tissue in early cancers. It
simultaneously reduces the risk of relapse, since it is prefer-
entially directed into the lymphatics where it destroys the
"seeds" that can cause recurrence after surgery. This inven-
tion avoids high off-target levels of the free drug (and thus,
toxic side-effects) and surgery-related pain.

Neoadjuvant systemic chemotherapy is standard care for
locally advanced BC, but after treatment, cancer typically
spreads first via the lymphatics with little stroma invasion
before becoming a systemic disease [41]. Surgical treatment
for early stage BC involves resection of the primary tumor
along with the draining sentinel lymph node and further
lymphatic resection if warranted. However, this procedure
may miss nanoscopic metastases in the lymph nodes. Local-
ized radiation to the breast and lymphatics along with sys-
temic chemotherapy reduce the risk of relapse, but these
treatments cause extensive damage to healthy tissues [42,
43].

The invention consists in 10-80 nm nanoconjugates of a
dendrimeric nanocarrier and a chemotherapeutic agent. Can-
cerous cells that are not vascularized, such as those found
within the lymphatic system, are treated or inhibited by se-
lectively accumulating the active agent in the loco-regional
lymphatics of the tumor via a subcutaneous (SC) injection at
the site of the tumor (e.g. injection into the upper mammary
fat pad of female subjects for treatment of BC), allowing the
drug to be delivered along the lymphatic pathway where
tumors are most likely to initially metastasize.

The dendrimer generation can be selected to optimize the
ratio of lymphatic to capillary uptake and dendrimer nano-
conjugates with cisplatin, epirubicin and docetaxel are in-
cluded in the patent as embodiments. Dendrimers may be
also conjugated with specific targeting agents such as epi-
dermal growth factor (EGF), since activated EGF receptor
(EGFR) is endocytosed, and it is highly over-expressed in
aggressive BC with poor prognosis. Although EGFR is ex-
pressed at lower levels in other tissues, passive localization
of the nanocarrier to the lymphatics will minimize nonspe-
cific interactions. The results presented in the work by
Forrest et al. show that a locally injected nanoconjugate with
cisplatin has similar cytotoxicity to free drug in cell cultures
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but with better pharmacokinetic characteristics than IV cis-
platin in rats: the nanoconjugate increased the plasma area
under the curve (AUC) by 2.7-fold and the ipsilateral lymph
node AUC by 3.8-fold compared to normal cisplatin, with a
reduced peak plasma level (Cmax) which is beneficial for
reducing systemic toxicity. On the other hand, pathology
studies on rats receiving the nanoconjugate treatment showed
normal appearance of brain and lymph nodes, with less ne-
crosis and inflammation in the kidneys and liver compared to
IV cisplatin at all the tested dose range.

2.2. Dendrimers for Radiotherapy Applications

Another targeted dendrimer-based antitumor formulation
is presented in the 2012 patent application from Babich et al.
[44]. Figure 2 shows a schematic representation of the inven-
tion, where a dendrimer is conjugated with a metal radionu-
clide to provide a complex for imaging tissues or for the ra-
dio-therapeutic treatment of cancer tissue.

Ri—S— f xp}zq

Fig. (2). Schematic representation of the invention: the sphere
represents the dendrimer core of generation n (n = 1-10). Each gen-
eration is associated with a predetermined number (p) of surface
groups (X: -COOR', - NR'R"), which may be conjugated to a pros-
tate specific membrane antigen targeting moiety (Z), in a given
proportion (q). S is sulfur and R, is a metal chelator. Adapted from
Babich et al. [44].

Radioactive molecules that selectively bind to specific
tumor cell surface proteins provide an attractive route for
imaging and treating tumors under non-invasive conditions
[45, 46]. The patent of Babich et al. deals with radiolabeled
ligands of the Prostate Specific Membrane Antigen (PSMA)
protein, often over-expressed on prostate cancer cells and the
vasculature of other types of solid tumors. The invention is
directed to the synthesis of chelator-dendrimer conjugates of
PSMA targeting moeities which, after being complexed with
an adequate metal radionuclide, may be administered by
different routes as a non-invasive cancer treatment or imag-
ing method.

2.3. Improving Anticancer Therapy: Specific Drug Tar-
geting Plus Specific Drug Delivering

Given the dendrimeric characteristic structure, a great
variety of different molecules may be attached to their termi-
nal groups, which leads to a countless number of possible
combinations between them. The most commonly developed
dendrimer-conjugated systems include a therapeutic agent
and a targeting moiety; however, other kind of chemical
groups may also be part of these nanoconjugates.

Photodynamic cancer therapy involves the systemic ad-
ministration of photosensitizers to solid tumor tissues fol-
lowed by local illumination with light of a specific wave-
length, leading to photochemical destruction of cancer cells
via generation of singlet oxygen or superoxide from molecu-
lar oxygen. For example, the local surface plasmon effect has
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been used to develop metallic nanoparticles [47, 48], even
though inorganic nanoparticles arise particular safety con-
cerns. A patent by Albrecht ef al. [49] introduces a den-
drimer-based complex where therapeutic molecules, target-
ing moieties and photosensitizes are covalently attached to
the end-groups. Upon exposure to radiation of a suitable
wavelength, the photosensitizers are activated to break up the
dendrimer structure and release the therapeutic molecules.
Activation of the photosensitizers at a desired time produces
radicals such as singlet oxygen, which release the active
molecules by breaking the chains to which they are bonded.
Because singlet oxygen has a very limited range of action, it
can be activated so that only the dendrimer bonds are broken,
avoiding affecting other molecules or cells.

The invention allows for predictable release of the drug:
there is no risk of accidental premature release due to the
strength of the covalent bonding, and instantaneous release
can be achieved, even with relatively harmless low intensity
light. Also, because the photosensitizers are activated by
specific wavelengths, the risk of premature release by unin-
tended irradiation by ambient light can be eliminated. Exam-
ples of useful photosensitizers include chlorophylls, porphy-
rins, pheophorbides, chlorins, porphycenes, texaphyrines and
phthalocyanines, among others.

In addition, this dendrimer-based invention may have
more than one type of therapeutic molecule attached to the
dendrimer (i.e. folate antagonists, purine and pyrimidine
antagonists, platinum compounds, nitrosoureas, anticancer
antibiotics, antimitotics). To ensure site-specific targeting, a
suitable addressing molecule can be coupled to the complex
such as, for example, herceptin, a site-specific monoclonal
antibody that targets the HER-2 protein, usually over-
expressed in BC [50], or folic acid, since the folate receptor
is over-expressed in more than 90% of ovarian carcinomas
[51].

The 2012 patent of Baker Jr. ef al. [52] represents another
clear example of the versatility and diversity that dendrimer-
based nanosystems may offer. The authors propose the syn-
thesis of dendrimer-linker conjugates that also comprise one
or more therapeutic, targeting or imaging components, as
well as a trigger agent. The trigger agent may be conjugated
to the dendrimer and to the linker (Fig. (3A)) or only to the
linker, in which case the linker is further conjugated to the
dendrimer and to the therapeutic compound (Fig. (3B)). In
both cases, a labile bond links the trigger and the linker.

The dendrimer conjugates shown in Fig. (3) are not limited
to any particular dendrimer. In the presented examples, the
authors use PAMAM dendrimers (G3, G5 or G7) linked
through a covalent bond to targeting agents (e.g. folic acid)
and/or imaging agents (e.g. fluorescein isothiocyanate,
FITC). Those dendrimer-based systems were further conju-
gated to: (A) a trigger molecule, conjugated to a linker, con-
jugated to a therapeutic agent; or (B) a linker, simultaneously
conjugated to a trigger and a therapeutic molecule.

Regarding the trigger agent, it may be sensitive to (and
therefore cleaved by) a tumor associated enzyme (e.g. glucu-
ronidase, f-lactamase or proteases as cathepsin, plasmin) or
it may be sensitive to hypoxia (e.g. indolequinone), a feature
of several disease states including cancer. The authors state
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Fig. (3). Schemes of the two arrays descripted in Baker ez al. patent. (A): Dendrimer-trigger-linker-drug array; (B): Dendrimer-[(trigger)-

linker-(drug)] array. Adapted from Baker Jr. et al [52].

that the anticancer drugs may be doxorubicin (Dox), pacli-
taxel (PTX), docetaxel (DTX), 5-fluorouracil and/or 9-
aminocamptothecin, among others. The linker agent is the
most diverse, it could be an elimination linker (1,4 or 1,6
elimination), a cyclization based linker, a branched self-
elimination linker or a heteroaromatic nitrogen containing one.

Is beyond the scope of this review to describe in detail all
chemical possibilities that the authors describe in their pat-
ent, but we want to emphasize the multiplicity of options
offered by dendrimers as targeted and/or triggered drug de-
livery systems. Indeed, the group of Baker Jr. ef al. has a
vast experience in the field and own several patents related
to dendrimer nanoconjugated systems [52-55].

3. POLYMERIC MICELLES

Block copolymer micelles (BCM) are self-assembled
nano-sized aggregates of amphiphilic copolymers consisting
of hydrophilic and hydrophobic monomer units with the

length of the hydrophilic block exceeding to some extent that
of the hydrophobic one. If the length of the hydrophilic block
is too high, copolymers exist in water as unimers (individual
molecules), while molecules with very long hydrophobic
block prefer to form structures with nonmicellar morphol-
ogy, such as rods and lamellae [56].

They show high stability both in vifro and in vivo and
good biocompatibility, they can solubilize a broad variety of
poorly soluble drugs in their inner core and, due to their hy-
drophilic shell and generally small size, they exhibit pro-
longed in vivo circulation times and can accumulate in tumor
tissues by the EPR effect, as well as evade scavenging by the
mononuclear phagocyte system (MPS) [57, 58]. The size of
the micelles can be controlled within the diameter range of
20-100 nm, to ensure that they do not pass through normal
vessel walls and thus reducing the incidence of the adverse
effects of the drugs [59]. The hydrophobic micelle core,
which acts as a drug reservoir, is surrounded by a hydro-
philic corona that provides a protective interface between the
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core and the aqueous external environment. Alterations in
the composition of the constituent copolymers can influence
important performance-related parameters including micelle
size, core-drug compatibility, drug loading capacity, drug
release kinetics, and stability, thus permitting the manipula-
tion of the pharmacokinetic profile and tissue distribution of
the encapsulated drug [60, 61].

Incorporation of drugs within biocompatible and/or bio-
degradable BCM has been shown to reduce systemic toxicity
while increasing drug solubility and site-specific tumor ac-
cumulation [62, 63]. Moreover, specific polymeric micelles
having stimuli-responsive amphiphilic block copolymers,
targeting ligand molecules, or monoclonal antibody mole-
cules are also manufactured [57].

As a result of the growing interest in this promising drug
delivery platform over the past two decades, BCM-based
drug formulations are gaining increasing attention and are
continuously in pre-clinical development and clinical evalua-
tion. In 2008, Matsumura reviewed the status of several mi-
cellar drug delivery vehicles in clinical or pre-clinical stages
[59], and a 2009 survey of the literature revealed more than
5000 publications on BCM for drug delivery [64]. In this
context, the patents field is not an exception: an increasing
number of inventions related to BCM for anticancer drug
delivery are found in the last years.

3.1. Nanomicelles as Safer Pharmaceutical Excipients for
Combination Therapy

Single drug formulations provide only limited success in
anticancer therapy. Novel combinations of molecularly tar-
geted agents with chemotherapy have gained increasing at-
tention in research that aims at overcoming drug resistance
and attaining highly effective cancer regimens [65]. One of
the most important requirements of combination therapy is a
simple and efficacious drug delivery system, since most
chemotherapeutics currently in use are poorly water soluble.
Combining two or three drugs in a formulation presents addi-
tional challenges in clinical practice because of compatibility
and stability issues.

On the other hand, safer and more effective treatments
with a drug combination rely on the development of biocom-
patible delivery systems capable of solubilizing the drugs
without using harsh surfactants or excipients.

Taxanes (PTX and DTX) are microtubule stabilizing
agents recognized as effective chemotherapeutics for a wide
variety of solid tumors [66, 67]. Their clinical application is
however limited due to poor aqueous solubility and oral
bioavailability. To date, only two commercial PTX formula-
tions have been developed. The first formulation developed
uses 1:1 mixture of Cremophor EL” and ethanol to increase
the solubility of intravenously administered PTX (Taxol®,
traditional PTX formulation) [68]. However, Cremophor
may have serious adverse side effects including severe hy-
persensitivity reactions, neurotoxicity, nephrotoxicity, and
hypotensive vasodilatation [69-73]. The second formulation,
ABRAXANE", is an injectable suspension of albumin-
bound PTX-nanoparticles [74-76]. Unfortunately, neuropa-
thy toxicity has been shown to be remarkably increased
when compared to the traditional PTX formulation [77, 78].
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Similar issues have been observed with the available DTX
preparation, Taxotere”, which is a concentrated injectable
nonaqueous solution containing DTX in a vehicle composed
of polysorbate 80 diluted with dehydrated ethyl alcohol in
water for injection. Several toxic side effects have resulted
from the administration of Taxotere” formulations [79]. All
patients treated with Taxotere” are required to be pre-
medicated with oral corticosteroids, to reduce the incidence
and severity of adverse reactions [80]. Different strategies
have been pursued to produce safer and better-tolerated tax-
ane formulations than the current ones. Alternative formula-
tions of PTX and DTX that avoid the use of Cremophor EL
(used for PTX administration) and polysorbate 80 have been
proposed [79].

A very interesting drug delivery system based on
nanomicelles for the delivery of taxcane is disclosed in the
2011 patent application by Kang ez al. [81], with the innova-
tive characteristic of combining an anticancer drug with a P-
glycoprotein (Pgp) inhibitor, which makes it a viable option
to treat some resistant types of cancer cells. The polymeric
micelle composition contains an amphiphilic double block
copolymer and a taxane and the Pgp inhibitor cyclosporine A
(CsA) as its active ingredients. It accumulates in cancer tis-
sue at high concentrations. The proposed system has two
main additional advantages: first, it exhibits superior anti-
cancer effects for the cancer cells that have exhibited resis-
tance due to over-expression of Pgp; second, it does not
cause hypersensitive reactions because it does not include a
solubilizer. What is more, our belief is that local inhibition of
Pgp may be useful to avoid the safety issues linked to off-
target Pgp inhibition, which seems to be responsible for
some of the serious side-effects that have resulted in the
stoppage of clinical trials of first, second and even third gen-
eration Pgp-modulators [82-84].

The authors proposed two versions of the nano-micelle
based system: a first one, wherein the active ingredients are
encapsulated together in the same complex micelle formed
from an amphiphilic diblock copolymer, and a second one
wherein the taxane and CsA are encapsulated in different
micelles that are mixed before their administration. In the
patent application, the authors include examples with both
PTX and DTX and mPEG-PLA as the micelle copolymer.
With this preparation method, the particle size of the com-
plex micelles is between 40 and 50 nm, and between 17 and
30 nm in the case of the single micelles in the mixture.

The patent application also includes the results of several
studies performed on the micelle compositions, such as their
retention in the bloodstream and delivery of the drug, inhibi-
tory effect on Pgp and anticancer activity. This last study
was performed in vivo in 4 groups of athymic nude mice
injected with human resistant colon cancer cells (DLD-1)
that received the CsA-containing polymer micelle composi-
tion, the PTX-containing polymer micelle composition and
the mixed composition respectively, through the tail vein.
The fourth group was a control. The group treated with the
CsA-containing composition had no anticancer activity,
moreover, the tumor volume increased when compared to the
control group. In contrast, the groups treated with the PTX-
containing composition or the mixed polymer micelle com-
position showed improved inhibitory activity against cancer
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growth compared with the control group; the group treated
with the mixed composition showed the best results.

Another invention that offers the possibility of combined
cancer therapy without the need of using potentially toxic
pharmaceutical excipients is described in two 2012 patents
by Glen Kwon [85]. In both documents, the author aims at
developing a pharmaceutical system to combine chemother-
apy and signal transduction inhibition.

Heat Shock Protein 90 (Hsp90) is an important target for
cancer therapy due to its key role in regulating proteins that
are involved in tumor cell proliferation. A geldanamycin
derivative, the 17-allylamino-17-demethoxygeldanamycin
(17-AAGQG) is a first-in-class inhibitor of Hsp90, inhibiting its
function as a chaperone protein for the proper folding of on-
cogenic signal transduction proteins, such as Akt, ErbB2,
Raf-1, and mutant EGFR [86]. The major obstacle for deliv-
ery of 17-AAG is its limited aqueous solubility, which has
resulted in the use of complicated formulations with excipi-
ents such as Cremophor EL"®, DMSO, and/or ethanol. As
stated before, these substances are known for inducing hy-
persensitivity reactions and anaphylaxis, and require patient
pre-treatment with antihistamines and steroids [87].

On the other hand, the PI3K/Akt/mTOR pathway is the
most deregulated pathway leading to cancer. However, sig-
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nal transduction inhibitors that target mTOR (e.g. rapamy-
cin) have not yet been effective to treat cancer, and the PI3-
Akt-TOR pathway has proven more complex than it was
carlier believed [88]. In murine tumor models and in early
clinical trials, PTX has been shown to act synergistically
with rapamycin, and with 17-AAG [89]. Additionally, ra-
pamycin and 17-AAG can act in a synergistic manner on
breast cancer cells, presumably due to inhibition of mTOR
by rapamycin and inhibition of the oncogenic kinase Akt by
17-AAG [90]. This dual drug action is of interest because
clinical experience with rapamycin and its analogues sug-
gests that Akt activation by a feedback mechanism appears
to be a major cause of failure in the treatment with mTOR
inhibitors [70, 91]. Figure 4 schematically shows the com-
bined effect of Rapamycin and inhibition of Hsp90 on the
PI3K/Akt/mTOR pathway.

The author proposes a 3-in-1 polymeric micelle nanocon-
tainer for PTX, rapamycin, and 17-AAG, prepared from the
biocompatible poly(ethyleneglycol)-block-poly(lactic acid)
(PEG-b-PLA) copolymer, in order to increase the water
solubility of the drugs in one nano-sized aqueous vehicle. In
addition of being a non-toxic carrier, the micelles do not
possess a foul odor, which is a problem with many formula-
tions currently in clinical trials. Micelle encapsulation may
also reduce the occurrence of side effects (e.g. hepatotoxic-

(EGFR, IGF-1R, Integrins, | .~
“

s PIP,
PIP,

{
‘ 17-AAG
(by Hsp90)
a
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W

Affects cell proliferation,
survival and angiogenesis

Fig. (4). Scheme of the combined effect of Rapamycin and inhibition of Hsp90 on the PI3K/Akt/mTOR pathway. Receptor tyrosine kinases
(RTKSs) such as IGF-IR and EGFR, integrins, and G-protein coupled receptors (GPCRs) can stimulate PI3K. PI3K phosphorylates phosphoinositides
(PI) on the 3D position, and these 3P-phosphoinositides activates both Akt and PDK-1. Akt propagates its signal to affect transcription, apop-
tosis, and cell cycle progression. Akt activates mTOR, which affects cell proliferation, survival and angiogenesis. It is inhibited by rapamy-
cin. Hsp90 functions as a chaperone protein for the proper folding of oncogenic signal transduction proteins, such as Akt and RTKs, which

are therefore indirectly inhibited by the Hsp90 inhibitor 17-AAG.
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Fig. (5). Schematic representation of the concept for designing the mPEG-b-PLA and mPEG-b-P(NnPAAm-co-VIm) diblock copolymers
micelles, and the speculated structural changes that they undergo during intracellular drug delivery. Adapted from Hsiue et al. [99] and Lo

etal [100].

ity, neutropenia, neuropathy) by maintaining the agents
within the micelles until they are delivered to a target area of
the body.

As in the previously reviewed patent of Kang et al., the
drugs can be incorporated together into individual micelles
(multiple drug micelles, MDM), or individually into PEG-
PLA micelles (single drug micelles, SDM). SDM of different
drugs can then be combined to provide a single drug micelle
drug combination (SDMDC) composition in an aqueous ve-
hicle (e.g. saline or aqueous carbohydrate solution), to pro-
vide a therapeutic drug delivery formulation for IV or IP
administration.

Another advantage of the invention is that SDM can be
prepared and combined prior to administration, or they can
be sequentially administered to the patient. Such sequential
administration allows for synergistic anticancer activity, such
as the administration of PTX before 17-AAG, or for tumor
priming, whereby the administration of a first dose can kill
tumor cells, reduce tumor cell density, and/or allow for
greater uptake of a second administered dose of SDM (or
alternatively two drug MDM or SDMDC).

Preparation of the formulations can be carried out on a
large scale. The formulation provides ease of sterilization
due to the small size of the micelles, ease of drug administra-
tion as an aqueous vehicle, low toxicity due to the proven
safety of the copolymer, avoidance of noxious vehicles that
are required in the clinic for the individual drugs, and syner-
gistic anti-tumor efficacy.

3.2. Stimulus-Responsive Polymeric Micelles for Antican-
cer Drug Delivery

Micelles for anticancer drug delivery could be roughly
divided into two categories based on the drug loading
method: polymer-drug conjugates and micelles encapsulating
the drug by physical hydrophobic interactions. The micelles
of the latter category usually have stability drawbacks, since
they cannot maintain their integral structure after IV injection
due to dramatic dilution and interaction with surfactant pro-
teins within the blood [92, 93], thus leading to premature dis-
assembly and drug loss. Several strategies have been proposed
to overcome such stability problem. For example, micellar
structure has been strengthened by crosslinking the core

and/or shell regions [94-96] and by mixing a crystalline co-
polymer and a copolymer with lower critical micellar concen-
tration (CMC) to prevent dissociation from micelles [97, 98].

A 2012 patent by Hsiue et al. [99] represents another step
in that direction: the authors introduce a new class of polym-
eric micelles that includes a copolymer of two copolymers: a
first one sensitive to temperature (TS copolymer), in order to
achieve a lower critical solution temperature (LCST); and a
second one, not sensitive to temperature, able to form mi-
celles above its CMC, that will be termed “CMC copoly-
mer”. By using that polymer combination, the authors aim at
producing micelles with complementary effects in adjusting
external temperature shift (storage vs. body temperature) and
concentration change (dilution after IV injection) [100].

Both CMC and TS diblock copolymers include hydro-
philic (mPEG in both cases) and hydrophobic polymeric seg-
ments. While the hydrophilic segment is always mPEG, the
hydrophobic one is PLA in the case of the CMC polymer, and
a combination of N-n-propylacrylamide (NnPAAm) as tem-
perature-sensitive monomer with vinylimidazole (VIm) as pH-
/ionic strength sensitive monomer, in the case of the TS co-
polymer. Figure 5 shows a schematic representation of the
mPEG-b-PLA and mPEG-b-P(NnPAAm-co-VIm) diblock
copolymers micelles.

The effective dissociation constant (pKa) of VIm is re-
ported to be 6.0 [101]. It is known that during endocytosis a
significant drop in the pH value takes place from the physio-
logical value (7.4-7.2) to pH 6.5-5.0 in the endosomes, and
to around pH 4.5 in primary and secondary lysosomes [102,
103]. Through intracellular pH changes, VIms are protonized
so to increase the LCST of mPEG-b-P(NnPAAm-co-VIm):
the micelles have a LCST lower than 37°C at pH 7-8, and
greater than 37°C at pH 6 or less. Consequently, electrostatic
repulsive forces arise to dissociate the mixed micelle struc-
ture and release the incorporated drug.

The authors presented results of the drug release and cy-
totoxicity assays on Dox-mixed micelles, which show that
this system provides promising applications in intracellular
drug delivery. In conclusion, the authors have combined the
physicochemical properties of a TS copolymer and a CMC
copolymer to greatly improve micellar stability and extend
their applications in controlled drug delivery.
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3.3. Nanomicelles in Theranostics

In a patent application of 2009, Doris et al. disclosed
polymerized micelles resulting from the polymerization of
amphiphilic molecules of type PDA-NTA (PDA: polydiace-
tylenic and NTA: nitrilotriacetic), which can be loaded with
hydrophobic active substances and used as nanovectors
[104]. In a 2012 patent application of the same group [105],
three types of micelles were synthesized and studied: the
PDA-NTA and two PDA-based micelles with PEG coating,
referred as PDA-PEG350 and PDA-PEG2000 micelles, ac-
cording to the PEG length. PDA-NTA micelles result from
the self-assembly of a single amphiphilic monomer [106],
while PDA-PEG350 and PDA-PEG2000 micelles are com-
posed of a mixture of two amphiphilic monomers (their
chemical structures and detailed synthesis procedure can be
found in the patent application).

Important differences were observed between the differ-
ent micelle types. PEG coatings are known to enhance blood
residence time [107-113] and their positive effect is illus-
trated by the results presented by the authors. Short and long
term kinetic studies with the micelles conjugated with NIR
emitting FluoProbes” 730 (FP730, diagnostic agent) showed
a rapidly fluorescence decrease with NTA-coated micelles,
while longer times were obtained for the PEG-coated ones,
and among them, PEG2000-coated micelles retain their fluo-
rescence more than twice the time of PDA-PEG350.

In relation to in vivo tumor targeting of the FP730 conju-
gated micelles, the behavior of PDA-NTA and PDA-
PEG350 micelles was quite comparable, with little tumor
uptake and contrast after 24 hours. On the contrary, PDA-
PEG2000 micelles showed strong and persistent tumor up-
take after 24 hours with maximum contrast after 48 hours,
which remained constant for more than a week [114]. There-
fore, the passive drug delivery properties of PDA-PEG2000
micelles were further explored [115]. The micelles were eas-
ily and efficiently loaded with PTX with a technique suitable
for virtually any therapeutic molecule, since it requires nei-
ther extended contact with water nor prolonged heating (see
further details in the original document), and showed good
in vitro cytotoxicity on MDA-MB-231 cells (breast tumor
cancer cells isolated from pleural effusions [116]). In addi-
tion, PDA-PEG2000 micelles behaved ideally in multiple
injection conditions. During one month, they were adminis-
tered to mice bearing MDA-MB-231 tumors by intraperito-
neal (IP) injection on a semi weekly basis. Tumor uptake by
EPR effect was observed as soon as 24 hours after the first
injection and the accumulation was maintained and strength-
ened by repeated doses to reach a maximum after the sixth
injection, which was constant throughout the remainder of
the experiment. None of the involved animals died during
the experiment and body weights of the treated mice re-
mained steady, indicating that PTX-loaded PDA-PEG2000
micelles were well tolerated.

Therefore, this invention provides apparently non toxic
micelles that advantageously exhibit satisfactory blood resi-
dence time, tumor uptake and imaging contrast. The combi-
nation of imaging and drug-loading properties in a single
object points out the PDA-PEG2000 micelles as the most
promising nanoparticle presented by the authors and appear
as a potential tool for theragnosis, able to achieve simultane-
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ous diagnosis and treatment, thus rendering the overall medi-
cal process less invasive and easier to carry out. As a further
advantage, the authors stated that contrary to a large number
of nanoparticles, the synthesis of the proposed micelles is
controllable, reproducible, and economical [105].

4. LIPID-BASED NANOSYSTEMS

Absence of toxicity either in vivo or in the environment
(as a byproduct) is one of the most important features that
nanocarriers intended for drug delivery applications should
possess. In this sense, lipid-based nanoparticles are probably
the least toxic for clinical applications [117]. The hydropho-
bic constituents of lipid-based systems provide a suitable
environment for entrapment of hydrophobic drugs, which
represent about 40% of newly developed drugs [118]. Lipid-
based drug delivery systems have been particularly recog-
nized as innovative formulation approaches capable of en-
hancing lipophilic drug absorption and thus clinical efficacy
[58].

4.1. Liposomes

Liposomes (LP) are defined as artificial vesicles com-
posed of one or more closed, concentric phospholipid (or
related lipids) bilayer membranes surrounding an aqueous
core [108, 109, 119-121]. Classical or conventional LP are
formed spontaneously by dispersion of amphiphilic lipids
(and usually cholesterol) in aqueous media, which, upon
hydration, self-assemble to form bilayers surrounding an
aqueous interior [122-124]. Their size ranges from 20 to
1000 nm and even more [108, 109]. Both lipophilic and hy-
drophilic drugs can be entrapped into LP because of their
biphasic character [109, 110, 121, 124, 125].

The phospholipids employed to produce LP can be either
synthetic or natural [108]. As they are generally formed from
naturally occurring phospholipids, cholesterol, sphingolipids,
long chain fatty acids and others, they are readily biodegrad-
able [123, 126]. The stability of the membrane bilayer as
well as the retention of incorporated drugs depend on lipid
composition and cholesterol content of the liposomal mem-
branes [110].

LP are usually characterized in terms of their size, the
number of concentric bilayers (lamellae), and the composi-
tion and physical properties of the lipids used [121, 127,
128]. Since there are a wide variety of phospholipids, it is
possible to change the LP size, charge, and surface properties
by adding new ingredients to the lipid mixture [108]. Thus
they can be designed to provide control over properties such
as elimination half lives, permeability, biodistribution and
targeting specificity [122, 129].

LP have been used to encapsulate and deliver che-
motherapeutics for more than three decades: to the moment,
the most clinically successful LP have been small (up to 100
nm) unilamellar vesicles [130]. Doxorubicin hydrochloride
(Dox-HCI) liposomal injection (Caelyx” in Europe, Doxil®
in the USA), which received marketing approval in 1995,
was the first nanoscale delivery system to receive clinical
approval in cancer therapy for acquired immune deficiency
syndrome (AIDS)-related Kaposi’s sarcoma [131, 132].
Some other LP are already on the market, e.g. DaunoXome™
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(Daunorubicin citrate in LP of Diatos, France) for advanced
AIDS-related Kaposi’s sarcoma, and AmBisome” (Ampho-
tericin B in LP of Gilead Sciences, USA) for fungal infec-
tions [119]. Currently, virtually all traditional anticancer
drugs have been encapsulated in LP using different tech-
nologies and many of them have entered clinical trials, indi-
cating that this is a rapidly developing field [122].

4.2. LP Containing Curcumin for Pancreatic Cancer
Treatment

A recent patent by Kurzrock ef al. [133] describes the
development of a LP formulation encapsulating curcumin or
curcumin analogues. Curcumin, a diphenolic compound ex-
tracted from the rhizome of turmeric (Curcuma longa), is a
prominent candidate for treating many diseases, among them
cancer [134, 135]. Curcumin and some curcumin derivatives
have shown antioxidant, anti-inflammatory, and in vifro anti-
tumor activity [136]. Among signaling pathways affected by
curcumin are key survival pathways regulated by the tran-
scription factor nuclear factor-kB (NF-kB) and Akt, as well
as cytoprotective pathways dependent on Nrf2 [137]. In rest-
ing cells, NF-kB is sequestered in the cytoplasm by the in-
hibitory proteins of the I-kB family. Following stimulation
of cells by inflammatory cytokines, and bacterial (e.g.
lipopolysaccharides) and viral products, the inhibitor of I-
kB) is phosphorylated by kinases, leading to its degradation
through the ubiquitin-proteasome pathway. Thus, in the ab-
sence of I-kB, NF-kB dimmers are released, translocated to
the nucleus, and subsequently bound to their cognate ele-
ments on target genes. Abnormal activation of NF-kB has
been shown to be involved in the survival, development, and
progression of tumors. It is therefore an important pharma-
cological target due to its involvement in cancer, inflamma-
tory and autoimmune diseases [138]. Curcumin has been
shown to suppress the expression of epidermal growth recep-
tor and estrogen receptors, which are cancer-associated
growth factors [139], and it sensitizes tumor cells to first-line
chemotherapies and radiation [140-142]. What is more, cur-
cumin and its analogs seem to downregulate ATP Binding
Cassette (ABC) transporters such as Pgp, Breast Cancer Re-
sistance Protein (BCRP) and Multidrug Resistance Protein 1
(MRP-1) [143-145], an interesting property having in mind
that overexpression of such transporters constitutes one of
the main mechanisms of drug resistance in cancer [146-148].

Curcumin bioavailability after oral administration is poor
and inhibitory concentrations cannot be achieved by the oral
route [149-151]. IV administration of free curcumin has also
been found ineffective to built up significant concentrations
of curcumin in any tissue, due to rapid systemic biotransfor-
mation and excretion [152]. Encapsulating curcumin within
nanocarriers has been proposed as an alternative to solve the
previously mentioned issues. Various types of nanoparticles,
especially LP, have been tested for the delivery of an active
form of curcumin to tumors [134, 153].

The authors of the patent under discussion propose a se-
ries of formulations of conventional and PEGylated-LP.
They also test their effects on the proliferation and survival
of pancreatic, breast and melanoma cancer cells through the
MTT assay. Free curcumin and non-labeled LP were used as
controls. The results showed that LP curcumin has equiva-
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lent or greater anti-proliferative and apoptotic effects than
free curcumin. The authors also studied the ability of the
pancreatic cell line to recover after exposure to LP curcumin
and there was a concentration-dependent loss of ability to
recover, indicating that the effects of LP curcumin are irre-
versible. Since the surface charge and lipid composition of
the LP are known to influence the membrane fusion and
ABC transporters modulation [130, 154, 155] the authors
also tested different combinations of neutral, anionic and
cationic lipids.

4.3. Multifunctional LP

Assessing the in vivo distribution of LP is a key point to
understand and predict their efficacy and side-effects [156].
Radiolabeled LP have potential applications in diagnostic
imaging and radionuclide therapy [157-159]. Several radi-
onuclides can be used to label LP for monitoring their in vivo
behavior in a non-invasively manner [160, 161]. "% Rhenium
("**Re) and '*°Re are two diagnostic and therapeutic radionu-
clides which have excellent physical properties [157]. '**Re
is a 15% y-emitter with high-energy 8 emission [162, 163],
hence being appropriate for the treatment of larger tumors,
since its long maximum path-lengths allow the irradiation of
several layers of tumor cells [164] and it has short physical
half-life [165-167].

The combination of chemotherapeutic drugs with radia-
tion has been shown to improve survival and regional control
of various types of cancer compared with radiotherapy alone
[168, 169]. LP can provide several advantages for bimodality
radiochemotherapy applications, among them passive and
active targeting [158]. For example, Ogihara-Umeda et al.
have reported a higher accumulation of small-sized (80 nm)
radionuclide encapsulating-LP in tumors compared with that
of the free form [170].

To achieve labeling LP, radioisotopes can be attached to
the surface, intercalated into the double membrane, or encap-
sulated within the inner space of the LP [157, 171].

A 2011 patent from Chiu et al. [172] provides a one pot
process, in which PEGylated-LP react with a radionuclide
labeled solution, a chemotherapeutic drug (Dox) and a tar-
geting ligand (DSPE-PEG-Bombesin), at appropriate tem-
perature (4°C - 100°C), to form tumor targeting radioche-
motherapeutics '**Re-Dox-Liposome-Bombesin. The target-
ing moiety Bombesin (BBN) is a 14-aminoacid peptide
overexpressed in a diversity of tumors including breast and
prostate cancer [173-175].

The cytotoxic activity of the loaded LP was assessed on
PC-3 human prostate cancer cell line; the results demonstrated
that 188Re-Dox-Liposorne-BBN has a superior cytotoxic activ-
ity compared with '"*Re-N,N-bis(2-mercaptoethyl)- N’, N'-
diethylenediamine (BMEDA) complex, ' Re-Liposome-BBN,
Dox-Liposome-BBN, or normal saline (as control). Finally,
imaging was acquired at different times after IV injection of
'%Re-Liposome-BBN. The images revealed a high uptake in
tumors at 1 and 24 h after administration. These results show
that the multifunctional '**Re-labeled nanoliposomes are
useful for imaging, delivery and targeting in cancer diagnosis
and therapy.
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One of the shortcomings of radiotherapy is that after ces-
sation of treatment, recurrence of the tumor can occur. Re-
currence of the tumor has been partly attributed to the pres-
ence of radioresistant hypoxic cells [176], and the enhance-
ment of radiation doses to damage the hypoxic tumor tissue
causes more destruction of healthy tissue. Radiosensitizers
are chemical agents that have the capacity to increase the
lethal effects of radiation (preferentially sensitizing hypoxic
tumor cells) when are administered in conjunction with ra-
diation. There are a variety of radiosensitizers that act by
more than one mechanism. In particular, inert metal radio-
sensitizers such as gold nanoparticles (GNP) synergistically
increase the anti-cancer activity of anti-cancer agents and of
radiotherapy due to the increased of the number of DNA
double strand breaks (DSB) and/or single strand breaks
(SSB) [177].

In a 2012 patent from Sanche et al. [178], a combination
of an anti-cancer agent which binds to DNA (an alkylating
agent, preferably a platinum compound such as cisplatin) and
a metal radiosensitizer (GNP) were encapsulated in LP, al-
lowing to potentiate the radiotherapy of cancer since both
bind to DNA and synergistically increase the amount of DSB
induced by the ionizing radiation.

In one embodiment, cisplatin was chemically linked to
supercoiled pGEM-3Zf plasmid DNA to produce a cisplatin-
DNA complex. GNP, which electrostatically binds to pure
DNA, were added to this complex to obtain cisplatin-GNP-
DNA. In order to analyze the synergistic effect of metal
nanoparticles and cisplatin in the production of DSB and
SSB on DNA, various complexes of DNA were prepared
with different molar ratios. Dry films (1-mm-thick gold foil)
of pure DNA and the complexes GNP-DNA, cisplatin-DNA
and cisplatin-GNP-DNA were exposed to the 60 keV elec-
tron beam of a transmission electron microscope (TEM).
After a given electron fluence, the samples were retrieved
from the TEM and the DNA damage analyzed by electropho-
resis. The dependence of the yields of SSB and DSB as well
as the loss of supercoiled DNA were measured as functions
of exposure. Table 1 shows the results obtained for different
DNA film preparations. Both GNP and cisplatin binding to
DNA increase the production of SSB and DSB, but the high-
est yields were obtained with both species bound to DNA.

In another embodiment of the invention, the authors d\e-
veloped LP encapsulating GNP and cisplatin (LipoGold®).

Table 1.
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LipoGold® were coated with PEG and the formulation com-
prised dipalmitoylphosphatidylcholine (DPPC), 3B-[N-(N',N'-
dimethylaminoethane)-carbamoyl]-cholesterol (DC-Chol),
Dioleoyl Phosphatidylethanolamine (DOPE) and DPPC-
PEG2000. The diameter of LipoGold® was less than 400 nm
(preferably between 100 nm and 150 nm).

LipoGold® was administered in vivo to a rat cancer
model. F98 glioma tumors were implanted in Fischer rat
brains. Ten days after F98 glioma cells implantation,
LipoGold® was infused in the internal carotid artery. The
efficacy of LipoGold® was compared to control animals and
other platinum compounds (free oxaliplatin and cisplatin,
Lipoplatin®-of cisplatin- and Lipoxal®-of oxaliplatin-) using
the same surgical procedures. Twenty four hours after che-
motherapeutic treatments the rats were irradiated.
Lipoplatin®, Lipoxal® and LipoGold® did not produced any
apparent toxicity on the animal treated following drug ad-
ministration. Conversely, free platinum compounds produced
high toxicity and animals died before sham animals. The
drug uptake was measured in the tumor, adjacent healthy
tissues and different organs such as the kidneys, liver and
blood. Finally, the synergistic effect of the combination of
LipoGold® and radiation was evaluated by combining differ-
ent doses of LipoGold® with radiation.

4.4. Changing the Pharmacokinetics of Bisphosphonates

Bisphosphonates (BP) are the most potent inhibitors of
bone resorption and represent the treatment of choice for
different diseases, such as osteoporosis, Paget's disease and
bone metastases. In particular, zoledronic acid (ZOL) is the
most frequently BP used for the treatment of the complica-
tions derived from bone metastases [179-181]. Numerous
studies have demonstrated that ZOL also induces apoptosis
and inhibits growth of a variety of cancer cell types in vitro
including prostate [182], breast [183], melanoma [184], os-
teosarcoma [185, 186], and myeloma tumor cells [187-189].
ZOL suppresses prenylation of small GTPases (e.g. Ras pro-
teins) that regulate the proliferation, invasive properties and
pro-angiogenic activity of human tumor cells [190-195].
Nevertheless, the drug presents an unfavorable pharmacoki-
netic profile, characterized by a short plasma half-life due to
its rapid clearance from circulation and rapid and preferential
accumulation in bone, which limit the use of ZOL as an
antitumor agent in extraskeletal tissues [196-200] and make
the direct anti-cancer activity difficult to demonstrate in vivo.

The Yields (Y in 107" Electron™ molecule™) for the Formation of SSB, DSB and Loss of Supercoiled DNA Induced by 60

keV Electrons in 2900nm Thick Films of DNA of Different Compositions Deposited on a Gold Foil. The Quoted Errors
Represent the Maximum Deviations of Three Identical Measurements. Extracted from Sanche ef al. [178].

Samples Y of SSB Y of DSB Y of Loss of Supercoiled
Pure DNA 3.72+0.3 0.77+0.1 -5.46 +0.54
GNP:DNA = 1:1 8.65+0.9 1.79+0.2 -105+1.1
Cisplatin:DNA = 2:1 9.49+ 0091 1.95+02 -123+1.2
Cisplatin:GNP:DNA = 2:1:1 11.1+12 7.68+1.0 -20.1+2.0
GNP:DNA = 1:10 5.38+0.56 1.11+0.3 -6.8+1.0
Cisplatin:GNP:DNA = 20:1:10 102+ 1.1 393+05 -149+1.6
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direct anti-cancer activity difficult to demonstrate in vivo. On
the other hand, the use of high ZOL doses is certainly ques-
tionable owing to the risks of side effects, such as osteone-
crosis of the jaws [179, 201].

In the light of these considerations, a new formulation
capable of modifying ZOL pharmacokinetics and distribu-
tion, inducing a lower drug accumulation into the bone and a
longer half-life in blood, might be useful to take advantage
of its anti-apoptotic and anti-proliferative effects in periph-
eral tumors. Nanotechnology constitutes a powerful tool to
improve the pharmacokinetic profiles of drugs [202, 203].
The major drug clearance mechanisms of the body act pri-
marily on free circulating drug; thus, encapsulating drugs
constitutes a valid strategy to hide the active ingredient from
drug-metabolizing enzymes and to avoid renal extractions as
well (note that the size of most nanoparticles precludes their
efficient renal clearance) [204, 205].

Therefore, the level of exposure to a certain encapsulated
drug may be tailored by controlling both the drug release and
the nanovehicle degradation kinetics. What is more, targeted
nanovehicles can prevent unwanted off-target interactions.
Beside ZOL, other BP such as pamidronate and alendronate
have already been encapsulated into conventional LP to use
their ability to accumulate in the RES and for their macro-
phage-depleting properties [206, 207].

In a 2009 patent from Abbruzzese er al. [208], the
authors showed that PEGylated-LP allow the use of ZOL for
the treatment of several tumors. Compared with free ZOL,
LP encapsulating ZOL (LipoZOL) induced a stronger
in vitro inhibition of growth on different cell lines such as
PC3, DU145 and LNCaP of prostate cancer; MCF7, MDA -
MB468 and CG5 of breast cancer; Caki2 and 769P of kidney
cancer; M14 and M14+ of melanoma; KB of head/neck can-
cer; H1355 of lung cancer; BXPC3 of pancreas cancer; and
RPMI, KMS, DOX and OPM2 of myeloma. LipoZOL also
showed improved inhibition of tumor growth and overall
survival in murine models of human prostate cancer and
multiple myeloma, in comparison with free ZOL. Moreover,
a strong inhibition of vasculogenic events without evidence
of necrosis in the tumor xenografts from prostate cancer was
recorded after treatment with LipoZOL [202]. The formula-
tion strategy presented some drawbacks such as limited
physical stability, low encapsulation efficiency and drug loss
following rehydratation after lyophilization.

In a more recent patent of the same inventors [209], the
group developed nanocomplexes consisting of ZOL-
containing self-assembly PEGylated nanoparticles based on
ZOL complexes with calcium phosphate nanoparticles
(CaPZ nanoparticles, an inorganic nanovector), and cationic
LP consisting of a lipid mixture comprising phosphodiglyc-
erids and sphingolipids. The general process for preparing
the nanocomplex comprises the following steps: a) mixing a
suspension containing the inorganic nanovectors with a solu-
tion containing ZOL, and b) mixing a suspension of LP with
the suspension obtained from step a). PEGylation was
achieved by two different strategies: CaPZ nanoparticles
were mixed with PEGylated-LP (pre-PLCaPZ nanoparti-
cles); or alternatively, CaPZ nanoparticles were first mixed
with cationic LP and then PEGylated by post-insertion

Ruiz et al.

method (post-PLCaPZ nanoparticles). The amount of ZOL
loaded in post-PLCaPZ nanoparticles was 5 times lower than
that found in pre-PLCaPZ nanoparticles. Pre-PLCaPZ
nanoparticles showed the best technological characteristics,
with a narrow size distribution and a high ZOL loading.

The effect of increasing concentrations of ZOL encapsu-
lated in pre- and post-PLCaPZ nanoparticles on growth inhibi-
tion of different human cancer cell lines was studied by MTT
assay. Evaluation of apoptosis was performed by TUNEL
technique. In all cases, when using ZOL-encapsulating
nanoparticles, a potentiating effect in all tested cell lines was
found, if compared with the free ZOL. The cytotoxicity of
post-PLCaPZ nanoparticles was significantly higher than
that observed for pre-PLCaPZ nanoparticles.

In vivo studies on PC-3 human prostate cancer xenograft
model in mice were performed with ZOL free or complexed
with pre-PLCaPZ nanoparticles. Antitumor efficacy was
assessed through the percent of tumor weight inhibition and
the tumor growth delay. The results show that ZOL com-
plexed with pre-PLCaPZ nanoparticles produces the major
efficacy on inhibition of tumor growth.

Images of the nanocomplexes were acquired by cold field
electron gun scanning electron microscopy. For this purposes
PC3M-luc2 (a luciferase expressing cell line which was sta-
bly transfected with the Iuc2 firefly luciferase gene) was
used. Mice were injected intraperitoneally with D-luciferin,
and imaged in the supine position 10-15 min after luciferin
injection. After 4 months from tumor cell injection, no tumor
was evident neither through palpability nor through lumines-
cence analysis in those animals treated with PLCaPZ
nanoparticles Fig. (6). In these mice, a progressive reduction
of the luminescence associated to the tumor cells was ob-
served with a complete regression of the luminescence at 56
days from the tumor cell injection.

In another embodiment of the invention, the authors pro-
posed the preparation of nanocomplexes wherein the LP
comprises a ligand for receptors overexpressed by cancer
cells, in particular, human-transferrin.

The nanocomplexes showed an antitumor effect higher
than that observed with LipoZOL previously developed. In
this regard, the authors recently published a study [203]
comparing the technological and anti-cancer features of ei-
ther ZOL-containing self-assembly PEGylated nanoparticles
or Lipo-ZOL. ZOL-containing nanoparticles showed supe-
rior technological characteristics in terms of mean diameter,
size distribution, and ZOL encapsulation efficiency, com-
pared to Lipo-ZOL. Moreover, the anticancer activity of
nanoparticles in nude mice xenografted with prostate cancer
PC3 cells was higher than that one induced by Lipo-ZOL. In
addition, nanoparticles induced the complete remission of
tumor xenografts and an increase of survival time higher
than that one observed with Lipo-ZOL. Nanoparticles (but
not Lipo-ZOL) caused a statistically significant reduction of
the tumor-associated macrophages in tumor xenografts. The
effects of the nanoparticles were also higher in terms of neo-
angiogenesis inhibition. These results suggest the develop-
ment of ZOL-encapsulating nanoparticles may be promising
in the treatment of human cancer.
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Fig. (6). A) Encapsulation in nanoparticles increases antitumoral efficacy of ZOL against human prostate PC3M-luc2 cell line xenografts.
Mice were injected i.m. with PC3M-luc2 cell line cells and starting from day 6 treated as follows: (¢) untreated; (0) free ZOL; (A) Lipo-
ZOL; (A) PLCaPZ nanoparticles. B) Example of luminescence associated to injected tumour cells in an untreated mouse (upper panel) and in
a mouse treated with PLCaPZ nanoparticles (NPs-ZOL, lower panel) achieving a complete regression of the tumour after 56 days from the

initial tumour cell injection. Extracted from Marra et al. [203].

4.5. Thermosensitive LP

The LP anticancer drug formulations with good in vivo
stability and tumor accumulation characteristics not always
show improvement in the therapeutic activity of the encapsu-
lated drug [210-213]. This may be because the most stable
LP formulations can retain the encapsulated drug so well that
the drug is not released from them. Several types of targeted
LP have been explored [110, 214, 215], however, most have
failed to show any remarkable therapeutic efficacy because
of several reasons such as antigenicity of the ligands, inabil-
ity of the drug to reach the appropriate cellular compartment
in the active (free) form and the presence of histological bar-
riers between the LP and its cellular binding site. Some solu-
tions that are being explored to deal with such issues include
the use of small and highly stable, low-immunogenic pep-
tides as targeting ligands [214].

Alternatively, stimuli-responsive LP that release their
cargo in the appropriate place (stimuli-triggered or smart
drug release) have been conceived. Various triggering
mechanisms have been described in the literature, including
those that rely on changes in local microenvironment such as
decreased pH [216, 217] and the presence of specific en-
zymes [218], as well as the use of externally applied triggers
such as light [219], ultrasound [220] and heat [221, 222].
Among the various triggers for liposomal content release, the
use of heat has been actively pursued because of several ad-
vantages:

1) Increased tumor blood flow and microvascular perme-
ability in the locally heated tumor, increase the ex-
travasation and the accumulation of LP [223-225].

2) Thermal therapy has been used as an adjuvant therapy to
surgery, radiation and chemotherapy, and recently, hy-



112 Recent Patents on Anti-Cancer Drug Discovery, 2014, Vol. 9, No. 1

perthermia has been shown to be directly cytotoxic to
tumor cells [226, 227].

3) Supra-additive cytotoxic effects may be achieved when
hyperthermia is used in combination with several che-
motherapeutic agents which can be delivered via LP en-
capsulation [228-230].

In the light of these therapeutic benefits, the combination
of hyperthermia and liposomal delivery of chemotherapeu-
tics to treat solid tumors has attracted much research activity.
Temperature sensitive LP or thermosensitive LP (TLP) were
developed by Yatvin et al. [231], Weinstein et al. [232] and
others [233, 234] for improved distribution to targeted sites
[235]. These TLP are formed by a mixture of synthetic phos-
pholipids that have a gel to liquid phase transition tempera-
ture (Tc) few degrees above the physiological temperature, a
range easily obtainable by clinically local hyperthermia (41-
42°C) to allow triggered drug release. DPPC, which has a Tc
of 41.5°C, has been the lipid of choice as the primary con-
stituent of TLP. In early studies, other lipids such as dipalmi-
toylphosphatidylglycerol (DPPG) and distearoylphosphati-
dylcholine (DSPC) have also been added in various ratios to
modify the drug release temperature to the desired range
[231, 232, 236].

The in vivo stability has been improved by incorporating
PEG-conjugated lipids (PEG-lipids) [237-239]. However,
these formulations have problems with the rate and the ex-
tent of release of the encapsulated drug upon heating. In or-
der to solve this issue, lysolipids have been included as a
third component based on the premise that these lipids desta-
bilizes regions in the membrane, facilitating catastrophic
failure of the membrane’s permeability barrier allowing
rapid release of contents [240].

A recent patent of Mei et al. [241] describes the devel-
opment of TLP for the delivery of anticancer agents, in par-
ticular DTX and carboplatin. The authors also claim that any
active agent may be included, for example, therapeutic
and/or imaging agents. TLP formulation comprises a phos-
phatidylcholine, such as DPPC; a phosphatidylglycerol, such
as distearoylphosphatidylglycerol (DSPG); a lysolipid, such
as monostearoylphosphatidylcholine (MSPC); and a PEG-
lipid, such as DSPE-PEG2000.

The in vivo drug distribution of the TLP containing DTX
was studied in mice. One leg was heated, treated, and heated
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again. The data showed that the TLP delivered more than
twice DTX to the heated leg than to the non-heated leg. In
free DTX injection and non-TLP containing DTX groups,
the drug concentration was similar to that in the heated and
non-heated tissue. The authors also evaluated the in vivo
efficacy of DTX delivery of TLP in mice bearing. Lewis
lung tumors. TLP resulted in greater tumor inhibition
(98.27%) than free DTX (77.91%).

A recent patent from Li et al. [242] provide a simple and
sensitive novel liposomal formulation for drug targeting and
release under mild hyperthermia (40-42°C). The liposomal
formulation focuses on a minority component of Brij (pref-
erably 1-8 mol%) combined with DPPC lipid. Brij molecules
are single chain surfactants, commercially available with
different PEG chain lengths and/or acyl chain structures. Brij
compounds have been studied in colloidal formulations [243,
244], typically are nontoxic and common in pharmaceutical
formulations [245], with safety being demonstrated in clini-
cal trials [246]. The different TLP formulations can comprise
a diagnostic agent (gadolinium) or an anticancer agent (Dox,
gemcitabine or cisplatin) entrapped in the interior space of
the LP, and the diameter varies from about 30nm to about
250nm with a T, ranging between 40-42°C. Physicochemi-
cal properties of some Dox-TLP prepared are listed in Table
2. The sensitivity to mild hyperthermia conditions of differ-
ent TLP formulations was examined thoroughly. A variety of
in vitro and in vivo analyses were performed to evaluate the
temperature-dependent drug release, intracellular uptake of
drug released, the cytotoxic activity, pharmacokinetic and
biodistribution profiles, toxicity on healthy tissues and anti-
tumor efficacy. For in vitro studies, mouse mammary carci-
noma cell line EMT-6, ovarian carcinoma cell line A2780
and adriamycin- resistant cell line A2780-ADR were used.
For in vivo studies, tumor-free mice and tumors models of
mice bearing subcutaneous (s.c.) implants of EMT-6 cells,
PANO2 murine pancreatic cells and LL2 murine lung cancer
cells into both lower legs were tested. One leg tumor was
heated and the other leg tumor was used as the unheated
control.

One of the most advanced thermal sensitive liposomal
formulation is composed of DPPC/MSPC/DSPE-PEG (90/10/4,
molar ratio) and described as lysolipid-temperature-sensitive-
LP (LTSL) [222, 227, 247-252], and is currently in Phase III
clinical trials for liver cancer and Phase II for recurrent
breast cancer on chest wall. When heated to 42°C, the LTSL

Table 2. Physicochemical Properties of Some Dox-TLP Prepared. Extracted from Li et al. [242].
Liposomal Formulation Lipid Composition (Molar Ratio) Diameter (nm) Twm (°C) Encapsulation Efficiency of Dox (%)
LTSL DPPC/MSPC/DSPE- 101.3+0.5 41.55 100.1 +2.5
PEG2000=86/10/4

DPPC-LP DPPC 96.5+1.5 40.74 60.5+52

Brij76-LP DPPC/Brij76=96/4 120.5+3.5 40.79 68.6+3.2

Brij78-LP (HaT formulation) DPPC/Brij78=96/4 103.3+423 41.93 975435
Brij98-LP DPPC/Brij98=96/4 111.3+72 40.24 1.154+0.41

Brij700-LP DPPC/Brij700=96/4 1153+7.1 40.76 715+5.1
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released 100% Dox in 2-3 min [249, 251-254], leading to a
~15-fold increase in drug delivery to the heated tumor [227]
and eradication of the s.c. inoculated human xenograft tumor
in a mouse model [222, 227]. Direct comparisons of drug
release in response to hyperthermia conditions were drawn
between the proposed and LTSL formulations, to determine
if the incorporation of the Brij-surfactant in the membrane
would influence release profiles. In concordance with the
data reported, the LTSL formulation released 100% of Dox
within 3 min at 42°C, but at 40°C only reached full release
after 10min. In contrast, the novel and optimal liposomal
formulation, called Hyperthermia-activated cytoToxic (HaT)
formulation, released 100% of Dox within 3 min at 40°C and
no release could be detected at 30 and 37°C. Besides, HaT
formulation showed further increased membrane permeabil-
ity upon mild hyperthermia compared to the LTSL formula-
tion, the Dox released from the HaT was taken up into the
cells efficiently, and the cytotoxicity was similar to that free
Dox, demonstrating the best thermal sensitivity among all
formulations screened. Similarly, 100% of gemcitabine and
80-100% of cisplatin were released from the HaT formula-
tion within 2 min at 40°C, while cisplatin was released from
LTSL in 5 min at 42°C, in concordance with data reported
[254]. Additionally, The HaT-LP have good stability with no
diameter change in one month of storage at 4°C and very
little drug leakage (< 3%). These results confirm that the
HaT formulation is an improvement over LTSL.

The TLP were prepared using two different methods: the
post- insertion method [255] and the conventional thin film
method [252]. The post-insertion method was employed to
incorporate Brij 78 only onto the outer leaflet of the LP.
Nevertheless, the resulting formulation (DPPC-LP post-
inserted with 8 mol% Brij 78) displayed similar release ki-
netics compared to the LP prepared with the thin film hydra-
tion method (DPPC/Brij 78 = 96/4). Additionally, the active
agent is loaded into the TLP via two different methods: a
citric acid pH gradient and a copper ion gradient.

It is well known that achieving homogeneous tempera-
ture distribution in tumors using currently available heating
technologies has been a challenge [256-258]. Therefore, de-
signing a novel carrier that exhibits an improved thermal
sensitivity (a more rapid kinetic of release at the lower range
of hyperthermia, i.e. 39-40°C) is expected to enhance drug
delivery with heterogeneously heated tumor environments.
In the mouse pharmacokinetic studies, HaT and LTSL for-
mulations could retain the drug in the blood of the mice that
were under no hyperthermia. After hyperthermia at the tumor
(42°C) the drug release was significantly more complete for
HaT than for LTSL, and this observation was further con-
firmed by a measured 1.4-fold increase in tumor Dox content
for the HaT formulation. The improved pharmacokinetics
and biodistribution results for the HaT group were likely due
to the heterogeneous thermal distribution in the heated tu-
mor, which favored rapid release from HaT formulation at
the lower range of the hyperthermic temperatures (i.e. 40°C).
These results were also supported by the measurement of
significantly enhanced antitumor effect and the good per-
formance of HaT on toxicity studies, suggesting that this
novel formulation can compensate for the hurdles presented
by tumor heterogeneity and may be useful to further improve
the tumor delivery compared to the current LTSL formula-
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tion. Furthermore, complete remission of the distal tumor
(15-25 days later) in mice that experience complete regres-
sion of the primary tumor, potentially suggest additional
immune stimulation by HaT-Dox. In the same way, pharma-
cokinetic, biodistribution, antitumor efficacy and toxicity
studies for HaT-Gemcitabine into tumor-bearing mice showed
similar results. In addition, HaT liposome labelled with a
targeting ligand like Arg-Gly-Asp (RGD) peptide that binds
to certain classes of integrins [259] showed increased reten-
tion in the tumor microvaculature, increased dose released
within the locally heated tumor and increased action against
the tumor cells compared to free HaT formulation.

On the one hand, the identity of Brij78 as a surfactant
and a possible mediator of membrane lysis was studied, but a
hemolysis assay confirmed that the HaT displayed similar
blood compatibility compared to the LTSL formulation, sug-
gesting Brij78 was tightly associated with the LP and there-
fore, did not induce membrane lysis. On the other hand, it
has been reported that Brij78 affects Pgp function, and ac-
cordingly, cells exposed to the Brij78-containing nanoemul-
sion formulation lost their multidrug resistance phenotype
[260]. The results confirmed that the HaT formulation had
the effect of enhancing Dox action on the resistant clone
(A2780-ADR).

The good thermosensitive properties conferred by the
polyethoxylated surfactants are restricted to a specific set of
compositions. The authors also studied the characteristics of
Dox-loaded Brij 78 LP with different phospholipids, but
only the DPPC/Brij78 liposome (HaT-formulation) have all
the advantageous characteristics of high drug loading effi-
ciency, low leakage at 37°C and high release at 42°C.

Finally, gadolinium has been previously studied as an
indicator of drug release from the liposomal formulations
in vitro and in vivo by MRI [253, 261, 262]. The drug deliv-
ery and the MRI signal attenuation was found to correlate
well [235, 261, 263]. The authors investigated the release of
the encapsulated content from the HaT formulation at differ-
ent temperatures by MRI: the results are consistent with that
of the drug release profile. Therefore, the HaT-Gd formula-
tion might be used for monitoring the drug release/delivery
in the tumor using non-invasive MRI.

In conclusion, the rapid drug release at the lower tem-
perature (40°C) offered the HaT formulation an advantage
over LTST in delivering an increased amount of the drug to
the heterogeneously heated tumor. In addition, the replace-
ment of DSPC-PEG and MSPC with Brij78 not only con-
ferred both stealth and thermosensitivity properties, but it
also assisted in overcoming drug resistance and represents a
more simple formulation. /n vivo efficacy studies demon-
strated that this novel formulation significantly improved
drug delivery to the heated tumor and is more effective in
regressing the solid tumor compared to free drug and the
LTSL formulation.

4.6. Novel LP Composition to Improve Drug Delivery

The presence of titratable ammonium, such as unsubsti-
tuted ammonium ion (NH,"), as well as primary and secon-
dary straight chain alkylammonium ions into the inner space
of the LP, is known to provide enhanced encapsulation of
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weak amphiphilic bases via a mechanism of “transmembrane
gradient-driven” loading [264, 265]. However, these ammo-
nia compounds possess hydrogen atoms that easily enter into
reactions of nucleophilic substitution, and they can react
chemically with the liposome-entrapped entities (e.g., drugs),
therefore impairing the chemical integrity of such entities
during or after the liposome loading process. Thus, the en-
trapped substituted ammonium compound should be chemi-
cally inert. A 2012 patent from Hong et al. [266] relates to
LP compositions that include one or more substituted am-
monium and/or polyanions within its inner space. The
authors proposed that LP compositions with tertiary and qua-
ternary ammonium that do not have substitutable hydrogen
or a sterically hindered primary or secondary ammonium,
may represent an improvement over the formulations avail-
able. The liposome-entrapped substituted ammonium com-
pounds selected are low or non-toxic and can be in any suit-
able form (e.g., polyanion salt). The substituting organic
groups (e.g. hydrocarbons) are of the size and physico-
chemical properties sufficient to ensure little or substantially
no distribution of de ammonium compound into the bilayer
portion of LP, minimizing the risk of destabilization of the LP.

LP with different lipid matrix composition were studied
for their effect onto many parameters such as loading effi-
ciency capacity, stability during storage, in vivo and in vitro
drug stability and release, in vitro uptake and cytotoxicity
against cancer cells, antitumor activity, toxicity and blood
pharmacokinetics against multiple cancer xenografts in nude
mice. The cells tested for above discussed purposes were
human breast carcinoma BT-474, estrogen-dependent ductal
adenocarcinoma that over-expresses C-ErbB2 (HER2) recep-
tor, human colon carcinoma (HT-29), MDA-MB-468 EGFR-
over-expressing human breast cancer cells, MCF-7 human
breast cancer cells with low EGFR expression, MDA-MB-
453 cancer cells, HER2-overexpressing human non-small
cell lung carcinoma cells CalLu-3, HER2-overexpressing
human breast carcinoma cells SKBr-3, C-26 syngeneic mur-
ine colon cancer tumors and U87 human brain cancer cells.
The drugs evaluated include irinotecan (CPT-11), topotecan,
Dox, 6-(3-Aminopropyl) Ellipticine (6-APE), vincristine,
vinblastine, vinorelbine, 2-(2-(N,N-diethylamino)ethyl)
ellipticinium (2-DAE). The targeting immune-LP were pre-
pared by attachment of EGFR-specific Fab' antibody frag-
ments [267] and by conjugating the anti-HER2 single chain
human Fv antibody fragment to LP surface [268, 269].

The authors discovered that polyanionised polyhydroxy-
lated compounds with only strong acid dissociation provide
liposomal encapsulation with better drug retention than com-
pounds having weakly acidic dissociation. In general, poly-
anionization inside the LP was usually at a level that facili-
tates the delivery and release of the drug entrapped inside the
LP at the site of action, but decreases the release of the en-
trapped drug prematurely. The degree of polyanionization
inside the LP can be used to regulate the release characteris-
tics (release rate and kinetics) of the encapsulated drug. On
the other hand, the authors found that substituted ammonia
with higher pKa values, that is, formed by more strongly
basic amines, were more effective than those formed from
weaker amines in stabilizing the drug inside LP. For exam-
ple, both inositol hexaphosphate and sucrose octasulfate salts
of triethylammonium (pKa = 10.75) were notably more ef-
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fective than corresponding salts of triethanolammonium
(pKa = 7.76) in stabilizing CPT-11 within the LP in vivo. In
conclusion, the LP of the present invention provided a com-
bination of the high efficacy of the entrapped therapeutic
agent with high stability during storage. In general, the LP of
the invention showed higher stability against the premature
release (leakage) of the entrapped drug under in vivo condi-
tions. In particular, LP loaded with vinca alkaloid drugs or
camptothecin derivatives, showed remarkable stability
against drug leakage in vivo. In addition of the extended
blood life, the LP showed sustained release characteristics,
and increased antitumor activity in the studied tumor model
without an appreciable increase in toxicity. The cell-
targeting ability and the intracellular delivery of drugs were
also confirmed.

4.7. Improving the Delivery of Short Hairpin RNA for
Cancer Treatment

The emerging class of RNA interference (RNA1) therapeu-
tics is a novel approach to treat human diseases. Considering
the fact that the RNAi is a natural cellular mechanism for
regulating gene expression, these molecules have been gaining
attention as useful tools for treatment of tumors [270-275].
Briefly, long double stranded ribonucleic acid (dsRNA) mole-
cules are processed to small interfering RNA (siRNA) via the
cytoplasmic enzyme Dicer. The siRNA is then bound to the
RNA-induced silencing complex (RISC) such that the sense
(“passenger”) strand is removed and the antisense (“guide”)
strand is retained in the complex. The RISC complex is then
able to bind its complementary mRNA and enable cleavage of
the mRNA by the endonuclease argonaute-2 (hAgo2), ulti-
mately leading to degradation of the target mRNA and reduc-
tion in protein expression [276-280]. In recent years, a variety
of RNAi molecules that can inhibit tumor growth have been
developed [281-284]. However, a key challenge toward reach-
ing the potential of this technology is the safe and efficient
delivery of siRNA to target tissues. The physical chemical
properties of siRNAs (namely size ~13 kDa, polyanionic
charge, and hydrophilicity) preclude passive diffusion across
most cell membranes. Furthermore, intravenous injection of
naked unmodified siRNA results in rapid renal clearance, deg-
radation by RNAses and potential stimulation of an immune
response via recognition by Toll-like receptors (TLRs) [285,
286]. For systemic administration, novel delivery systems are
required to confer “drug-like” pharmacokinetic and pharma-
codynamic properties, such as increased circulation time, dis-
tribution to target tissues, and effective cytoplasmic delivery
to RISC. In order to solve those problems, a variety of RNAi
delivery methods are currently under development [270, 287-
289]. Various lipid-based delivery systems have been devel-
oped for in vivo delivery application of siRNA [289]. For ex-
ample, methods for delivering RNAi molecules to tumor cells
using complexes prepared by mixing an RNAi molecule with
LP have been developed [286, 290, 291]. Although, a lot of
significant advancements have been made in the field of
in vivo siRNA delivery, there are still challenges to be over-
come [289].

A 2013 patent from Ishida ef al. [292] reported a method
for delivering a short hairpin RNA (shRNA) capable of in-
hibiting expression of thymidylate synthase (TS) by RNAi
action, bounded to the surface of a PEG-modified cationic
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LP. The present inventors have previously reported [293] the
sequence of this RNAi molecule and demonstrated that it is
capable of inhibit TS expression (a folate-dependent enzyme
that plays a pivotal role in DNA replication/repair and cancer
cell proliferation, and represents a valid target for the treat-
ment of several tumor types) [294]. The degree of TS ex-
pression inhibition caused by shRNA decreases by approxi-
mately 40% to 60% upon transfection with the use of a PEG-
modified cationic LP.

A relationship between the TS expression level and the
sensitivity of a 5-FU has been reported [295, 296]. Among
cancer patients, 5-FU antitumor agents are remarkably effec-
tive for cancer patients with relatively low TS expression
levels, while on the other hand, cancer patients with rela-
tively high TS expression levels have resistance to 5-FU
antitumor agents. Administration of the antitumor agent of
the present invention enables suppression of TS production
in tumor tissue, allowing an increase in the sensitivity of a 5-
FU. In addition, the authors claim that the accumulation of
PEG-modified cationic LP into the tumors increases when is
administered in combination with a 5-FU antitumor agent.
This are in concordance with the data reported that active
alteration of the tumor microenvironment caused by the
treatment with vaso-active agents or anticancer agents may
improve delivery of anticancer agents associated with nano-
carriers [297-301].

The authors used cancer cells that exhibit high TS ex-
pression levels to tests the invention, such as human colorec-
tal cancer cell lines DLD-1, DLD-1/5FU (a 5-FU-resistant
DLD-1 cell line) and a human mesothelioma cell line. The
results showed that shRNA and siRNA can significantly in-
hibit TS expression in DLD-1 and DLD-1/FU cells. Besides,
proliferation inhibitory effects of the lipoplexes were studied
with or without 5-FU agent demostrating higher effects in
the presence of 5-FU. The authors also studied the antitumor
effects of PEG-modified Lipoplex containing shRNA target-
ing TS with or without 5-FU co-administration onto DLD-1
cancer-bearing mouse, and PEG-modified Lipoplex contain-
ing shRNA targeting or non-targeting TS with or without
pemetrexed sodium hydrate onto MSTO-211H cancer-
bearing mouse. Carcinostatic activity was examined based
on changes in tumor volume and body weight. The groups
treated with chemoterapeutic agent or the PEG-modified
Lipoplex preparation alone exhibited lower tumor growth
inhibitory effects in comparison with the groups treated with
the combination of both.

In the light of these results, the authors proved that, when
shRNA capable of inhibiting TS expression is electrostati-
cally bound to the surface of a PEG-modified cationic LP, it
can be readily delivered to cancer cells and hence, prolifera-
tion of TS-expressing tumor can be inhibited. In addition,
when a PEG-modified Lipoplex is used in combination with a
conventional chemotherapeutic agent for treating tumors, pref-
erably an antitumor agent having TS inhibitory action (like 5-
FU or pemetrexed sodium hydrate), sensitivity of cancer cells
against the chemotherapeutic agent can be enhanced.

4.8. Active Targeting of LP to Tumor Vasculature

Angiogenesis is a required step for the expansion during
tumorogenesis and constitutes a rate-limiting step for tumor
progression [302]. Thus, tumor blood vessels are prime tar-
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gets for the inhibition of tumor growth. Because tumor vas-
culature expresses unique markers that distinguish it from
normal vasculature [303], targeting based on these markers is
a promising strategy for cancer treatment. Many of these
specific markers are proteins associated with tumor-induced
angiogenesis [304]. The cell adhesion receptors, integrins
avB3 and avB5, are over-expressed in tumor vasculature
[305]. Indeed, one of the RGD-peptides identified by in vivo
phage-display for tumor targeting recognizes oavf5 [306].
Peptides specific for these integrins have been used as
ligands for targeted delivery of anti-cancer and anti-
angiogenic agents [307]. What is more, blood vessels are
composed of nonmalignant endothelial cells that are geneti-
cally stable, and develop little or no drug resistance [308].

The development of phage-displayed peptide libraries
over the past decade has ushered in the opportunity to iden-
tify small peptides that are effective for targeting purposes.
A recent patent from Wu et al. [309] presents polynucleo-
tides, peptides, and variants thereof identified by in vivo
phage display that can specifically target neovasculature.
One peptide in particular, SP5-52, recognized the neovascu-
lature of multiple human tumors in SCID mice (eight
xenografts tested), but did not target normal blood vessels of
the lung, heart and brain. This peptide also binds to VEGF-
stimulated human vascular endothelial cells (HUVECs) and
to blood vessels of human lung cancer biopsy specimens.
The results showed that SP5-52 has the highest binding af-
finity to the tumor tissues from all different types of human
cancer xenografts evaluated. The authors claim that this phe-
nomenon suggests that vasculature in solid tumors may ex-
press a universal receptor that can be recognized by the SP5-
52 peptide.

SP5-52 peptide-linked LP carrying Dox (SP5-52-Lipo-
Dox) were prepared. The LP are composed of DSPC, choles-
terol and PEG-DSPE. L-peptide was coupled to NHS-PEG-
DSPE (N-hydroxysuccinimido-carboxyl-polyethylene gly-
col-derived distearoylphosphatidylethanolamine) to produce
peptidyl-PEG-DSPE. Peptidyl-PEG-DSPE was transferred to
pre-formed LP after co-incubation at temperature above the
transition temperature of lipid bilayer [310]. The LP have
diameters between 65 nm and 75 nm and the number of pep-
tide molecules per liposome varies from about 300 to 500.
The LP were tested onto human lung (CL1-5) and oral (SAS)
cancer xenografts established in SCID mice. SP5-52-Lipo-
Dox enhanced the efficacy of the drug against human cancer
xenografts in SCID mice in comparison with Lipo-Dox
alone. This targeting liposome significantly increased the
survival rate of these two human cancer animal models. The
tumor vasculature was destroyed and markedly decreased by
SP5-52-Lipo-Dox treatment. These studies indicate that the
SP5-52-peptide can specifically bind to vasculature in multi-
ple tumors, and is a good candidate for targeted drug deliv-
ery to solid tumors.

4.9. Solid Lipid Nanoparticles

LP have some important drawbacks: they are manufac-
tured through processes that involve organic solvents, they
are unstable in biological fluids and more generally in aque-
ous solutions (they cannot be commercialized as such), and
they present poor batch-to-batch reproducibility and difficul-
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ties in sterilization [311, 312]. Therefore, there is a need to
develop alternative nanocarriers based on lipid components.
It is hoped that these drug carriers will allow higher control
over drug release and delivery of therapeutics which may not
efficiently load into LP. Between the variety of lipid carriers,
Nanostructured Lipid Carriers (NLC) and Solid Lipid
Nanoparticles (SLN) have been developed and used as par-
enteral drug delivery systems, especially in cancer chemo-
therapy [313, 314]. SLN were developed in the middle of the
1990s, by replacing the liquid lipid (oil) of an oil-in-water
nanoemulsion by a solid lipid or a blend of solid lipids [315].
The use of solid lipids instead of oils is a very attractive idea
to achieve controlled drug release, since the drug molecule
mobility in a solid matrix should be intuitively lower com-
pared with an oily phase [118]. SLN have a diameter ap-
proximately between 50 and 1000 nm [316]. Moreover,
large-scale manufacturing of SLN is possible (while other
systems such as polymeric nanoparticles have faced scaling-
up issues), and solvent use can be avoided using high-
pressure homogenization with extant machinery [5, 117,
118]. A couple of limitations to the use of SLN come from
their limited loading capacity because of the formation of a
highly ordered, perfect lipid crystal matrix [317]. After
preparation, at least some of the particles crystallize in
higher energy modifications that, during storage, evolve to
low energy, more ordered modifications that lead to drug
expulsion [117]. These drawbacks have been solved by sec-
ond generation lipid nanoparticles, NLC, in which the solid
lipids are blended with oils. Even though the blends still pre-
sent solid state at body temperature, the solid lipid matrix is
less ordered (and even amorphous) compared with SLN, thus
admitting higher drug loads and minimizing drug expulsion
[117, 118, 316, 318]. Depending on the method of produc-
tion and the lipid blend composition, different types of NLCs
are obtained: imperfect, amorphous and multiple type. In the
imperfect type, lipid crystallization is altered by small
amounts of oils. In the amorphous type, the lipid matrix is
solid but not crystalline (amorphous state): this can be
achieved by mixing specific lipids, for example, hydroxyoc-
tacosanyl hydroxystearate with isopropyl myristate. In the
multiple type, the solid lipid matrix contains tiny oil com-
partments: they are obtained by mixing a solid lipid with a
higher amount of oil. The basic idea is that by providing a
less-ordered structure to the lipid matrix, the payload for
active compounds is increased and expulsion of the com-
pound during storage is avoided [319].

4.10. Improving the Platinum Species Pharmacokinetics

Platinum compounds are effective anticancer drugs used
to treat solid tumors, particularly against ovarian and lung
cancer. Nevertheless, after [V administration, platinum spe-
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cies tend to bind irreversibly to plasma proteins. Besides, the
fraction of free drug in plasma seems to undergo a rapid deg-
radation to form inactive species. Other issues linked to
platinum compounds treatment are systemic toxicity (neph-
rotoxicity, bone marrow suppression) and intrinsic or ac-
quired resistance. These issues limit the free drug levels and
hamper platinum compounds efficacy in clinical trials [320,
321]. One strategy that can be used to overcome the side
effects and occurrence of resistance to platinum drugs is to
encapsulate them in polymer formulations or in lipid-based
systems [322, 323].

A patent from Gasco et al. [322] presents the develop-
ment of SLN of hydrophilic platinum complexes wherein the
platinum metal atom is chelated by suitable ligands, particu-
larly anionic ligands and ligands containing amino groups. In
particular the authors proposed the formulation of the plati-
num dinitrate salt described in a previous patent and pre-
sented in Fig. (7) [324]. The SLN of platinum compounds
are obtained from warm microemulsions using the procedure
and technology described in US5250236 patent [325]. The
SLN loaded with the drug are spherical, with an average
diameter between 70 and 200 nm, and are suitable for IV and
oral administration. When incorporated within SLN, the
platinum compound is stable in plasma and does not interact
with plasma proteins. The loaded SLN are well tolerated
when administered to CD1 mice and show an improved
therapeutic index when compared to aqueous solutions of the
same compound.

Another patent from Boulikas [326] discloses a method
for encapsulating cisplatin, cisplatin derivatives and other
positively charged antineoplastic drugs (e.g. Dox) into LP
having different composition in their inner and outer layers.
Combination of platinum compounds and Dox or p53 gene
therapy are also considered within the invention. According
to the disclosed method, the positively charged active ingre-
dient (e.g. cisplatin) is complexed with a phosphatidyl glyc-
erol lipid (PGL) derivative. Variations in the molar ratio be-
tween the drug and the PGL derivative change the net charge
of the complex thus allowing targeting different tissues.
What is more, complexing cisplatin compounds with PGL
enhances its aqueous solubility and encapsulation efficiency.
The complex is mixed with an at least 20% solution of an
organic solvent to form micelles, which are later encapsu-
lated within vesicle-forming lipids. The PGL derivative may
be partially replaced by negatively charged peptides with
fusogenic properties, such as the fusion peptide of hemagglu-
tinin from influenza virus (a large table disclosing possible
fusogenic moieties is disclosed in the patent). One of the
examples presented in the patent shows that the injection of
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Fig. (7). Chemical structure of the platinum complex.
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encapsulated cisplatin induces tumor regression on SCID
mice with MCF-7 tumors.

4.11. Lipid Nano-formulations for Improving the Deliv-
ery of Statins and Tocotrienol for Anticancer Therapy

Statins are inhibitors of the 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, the rate-limiting en-
zyme in cholesterol synthesis [327]. The inhibition of this
key enzyme in the mevalonate pathway (constitutively active
in malignant cells) and, subsequently the isoprenylation of
Ras family proteins [328], lead to suppression of cell prolif-
eration and induction of apoptosis [329-331]. For this reason,
the anticancer potential of statins has been extensively stud-
ied [332-335]. Statins are an example of a promising cancer
chemotherapeutic agent that display antiproliferative and
apoptotic activity against many types of cancer cell lines
[328, 336-338] and in various in vivo models [339, 340],
whose clinical applicability has been limited due to high-
dose toxicity [332].

On the other hand, much evidence has accumulated over
the past few years, which demonstrates that dietary supple-
mentation with specific members of the vitamin E family,
particularly tocotrienols, can provide significant protection at
multiple stages of mammary carcinogenesis [341-345]. What
is more, tocotrienols displays anticancer effects, but their
limited absorption and distribution throughout the body has
made it difficult to obtain and sustain therapeutic levels in
the blood and target tissues [332]. Tocotrienol has also been
shown to induce post-transcriptional down-regulation of
HMG-CoA reductase, resulting in a significant decrease in
cholesterol synthesis [345]. Since statins and tocotrienols
suppress HMG-CoA reductase activity through independent
mechanisms, it was thought that combined low-dose treat-
ment with these agents may produce additive or even syner-
gistic anticancer effects, while avoiding high-dose side ef-
fects, and low bioavailability issues [332].

The recent patent from Nazzal et al. [346] is related to
the development of SLN, NLC and nanoemulsions (NE)
which can contain, depending on the case: a therapeutic
amount of tocotrienol (tocotrienol-rich-fraction, TRF) and/or
a therapeutic amount of a statin (simvastatin), non-
tocotrienol lipids and a surface active agent (polaxamer 188).
TRF of palm oil is an oily mixture of tocopherols and to-
cotrienols, in which tocotrienols constitute 70-90% of the
blend. First, the formulations were evaluated without simvas-
tatin. The structures of SLN (based only on solid lipids),
NLC (based on an amount of TRF added to solid lipids) and
TRF-NE (for which no solid lipids were used) were charac-
terized by thermal analysis using differential scanning calo-
rimetry, whereas the TRF localization, entrapment and/or
affinity to the solid lipids were tested by Proton Nuclear
Magnetic Resonance studies ('H-NMR). The results revealed
that the size, polydispersity, melting endotherm, and fusion
enthalpy of the nanoparticles decreased with an increase in
TRF loading. TRF spectra in NLC however, were distinctly
different from those observed in TRF-NE and SLN. TRF
molecules are preferentially entrapped within the cores of
NLC yielding stable spherical-nanoparticles.

To evaluate the effect of NLC composition on TRF en-
trapment, four high melting point lipids that vary in their
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chemistry, namely glycerol tristearate, glyceryl behenate,
glycerol palmitostearate and cetyl palmitate, were selected as
the matrix forming lipids. The long term stability of the
TRF-NLC with respect to their size was also evaluated and
the results showed that NLC are sufficiently stable (both
physically and chemically) after 6 months of storage at room
temperature.

In another embodiment of the invention, the authors
evaluated the SLN and NCL again, but now incorporating
simvastatin. For SLN, the lipid phase used was glyceryl be-
henate; and NLC was achieved by substituting a portion of
glyceryl behenate with either TRF or a-tocopherol. The al-
ready described results indicated that the presence of TRF
and a-tocopherol were correlated with disorder in the crystal-
line structure of glyceryl behenate. Various formulations
were screened and the physiochemical properties of the sim-
vastatin-TRF-nanoparticles, such as particle size, surface
morphology, drug entrapment efficiency, in vitro drug re-
lease, and stability, were assessed. The cellular antiprolifera-
tive effect against the highly malignant neoplastic +SA
mammary epithelial cells was evaluated through the MTT
assay.

The results confirmed the existence of simvastatin as a
molecular dispersion in the TRF-glyceryl behenate or a-
tocopherol-glyceryl behenate blend and proved long term
stability and high simvastatin entrapment efficiency. High
entrapment efficiency of simvastatin in the NLC could be
attributed to the presence of the liquid nanocompartments
formed by TRF (or o-tocopherol), which were entrapped
within the solid matrix of the NLC. The size of the nanopar-
ticles decreased significantly when 50% of glyceryl behenate
was substituted with TRF (or a-tocopherol). Lower particle
size could be attributed to the efficient packing of the dis-
rupted crystalline structure of glyceryl behenate when
blended with TRF (or a-tocopherol). The entrapment of sim-
vastatin into NLC did not change the size of the nanoparti-
cles. Simvastatin nanoparticles had particle sizes of about
100 nm, which should be ideal for future in vivo administra-
tion. They have spherical or ellipsoidal shapes and monodis-
persity, and no simvastatin nanocrystals were observed. For
the cellular antiproliferative effect, TRF or o-tocopherol
NLC with or without simvastatin were studied and the results
reflected the in vitro synergistic effect of TRF and simvas-
tatin against tumor cells (Table 3).

Table3.  Antiproliferative Effect (ICsy Values) for the TRF
or a-Tocopherol-NLC with or without Simvastatin.

Extracted from Nazzal et al. [346].

Formulation ICso (M)
Simvastatin-TRF-NLC 0.524+0.02
Simvastatin-o-tocopherol-NLC 0.76 +0.05
TRF-NLC 1.50 +£0.12
a-Tocopherol-NLC 17.70 £0.74

In the last embodiments of the invention, the authors
used the melt emulsification technique for the preparation of
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Table 4.
from Nazzal et al. [346].

Ruiz et al.

Antiproliferative Effect (ICsy Values) for TRF/BSA, TRF-50-NLC, and TRF-10-NLC (Mean + SEM, n = 6). Extracted

Formulation Secondary Lipid 1Cs0 (uM)
TRF/BSA 2.73+0.11
Cetyl palmitate 2.12+0.21
Glyceryl behenate 2.08 +0.003
TRF-50-NLC
Glyceryl palmitostearate 2.15+0.007
Glyceryl tristearate 1.514+0.05
Cetyl palmitate 1.25+0.13
Glyceryl behenate 1.224+0.05
TRF-10-NLC
Glyceryl palmitostearate 1.67+0.14
Glyceryl tristearate 1.46+0.08

the SLN [347]. The impact of process parameters such as
sonication time, power and pulsar rate and lipidic composi-
tion on the size and polydispersity of SLN was evaluated.
Different SLN were prepared using one of the four lipids
used before as their lipid core. Once established the optimal
formulation and parameters, TRF was incorporated into SLN
to form NLC (substituting 10% or 50% of the lipid phase).
The nanoparticles presented good long-term stability.

Their cellular anti-proliferative effect against neoplastic
+SA mammary epithelial cells was evaluated. For this pur-
pose, the activity of TRF-NLC stock formulations were as-
sessed and compared to SLN and a solution of TRF in bo-
vine serum albumin (BSA).

The 50% growth inhibition (ICsq) values for TRF/BSA
and TRF-NLC are presented in Table 4. Overall, ICs, values
for the TRF-NLC were lower than the ICs, value for the
TRF/BSA solution. TRF-10-NLC had significantly lower
1Cs, values than those observed for the TRF-50-NLC of the
same lipid type.

In conclusion, the use of NLC as TRF and simvastatin
delivery vectors enhanced their antiproliferative effect on
+SA mammary epithelial cells. The administration of those
drugs (either alone or in combination) through this lipid-
based nanosystem may provide a solution to overcome ad-
verse effects related to simvastatin high doses and bioavail-
ability issues due to TRF poor absorption.

Anti-proliferation data shown in Fig. (8) and the ICs,
values shown in Table 3 demonstrated that entrapment of
TRF within NLC increased their potency. ICsy values for
TRF-50-NLC were higher than the ICsy values for TRF-10-
NLC.

4.12. Hydrophobic Nanoparticles Formulations with Mu-
coadhesive Properties for Enhancing the Cellular Uptake
of Anticancer Drugs

A 2012 patent from Dash et al. [348] describes the de-
velopment of nanoparticles formed of a hydrophobic core
that contains an anticancer agent (such as PTX or gemcit-
abine) and a hydrophilic surface layer surrounding such core.

The nanoparticles can include other biologically active mate-
rials which can be delivered together with the cancer thera-
peutic agent (e.g. dexamethasone, DEX). The hydrophobic
core is composed of a glyceryl mono fatty acid ester, while
the hydrophilic surface layer is made of chitosan. Placing the
chitosan on the surface layer of the glyceryl mono fatty acid
ester, creates a positively charged surface layer in order to
make each nanoparticle more mucoadhesive to negatively
charged mucin at the cancer cells. In this sense, it is believed
that the nanoparticles having mucoadhesive properties in-
crease the effect of the therapeutic agent on cancer cells in
the sample through the bioadhesion to transmembrane mucin
glycoproteins that are over-expressed on almost all human
adenocarcinomas, increasing cellular uptake [349, 350].

Chitosan/glyceryl monooleate (GMO) nanoparticles were
characterized by determining the mean particle size, size
distribution, mean zeta potential, nanoparticle yield, the per-
cent drug loading, the encapsulation efficiency, the physical
state of the drug in the formulation, the in vitro drug release
profiles of different formulations in the presence or absence
of a surfactant (Tween-80), and the in vifro bioadhesion,
cellular uptake and cytotoxicity (by MTT assay) profile in
MDA-MB-231 human breast cancer cells. Finally, the safety
and efficacy of the localized PTX-nanoparticules were com-
pared to the conventional PTX formulation in an in vivo
model of MDA-MB-231 human breast cancer cells.

The results showed that chitosan/GMO can form polyca-
tionic nano-sized particles (400-700 nm) with the therapeutic
agent entrapped, absorbed, or chemically coupled in the bio-
polymeric matrices. In addition, the formulation demon-
strates high yields and entrapment efficiencies along with
sustained release characteristics. This formulation can be
stored in a lyophilized powder that is easily re-suspended in
an aqueous matrix, and the drug incorporated within the
nanoparticles exists in a non-crystalline state. The in vitro
drug release profiles showed common characteristics of ini-
tial burst-release, followed by a slow near zero-order rate of
release over the experimental period. The chitosan/GMO
nanoparticles showed evidence of significant mucoadhesive
properties and increased cellular association (when com-
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Fig. (8). Anti-proliferative effects of unloaded SLN as compared to TRF-NLC at 10% and 50% TRF load of the total lipid phase, and
TRE/BSA solution (as reference) on neoplastic +SA mamary epithelial cells. Cells were initially plated at a density of 5x10* cells/well (6
wells/group) in 24-well plates and exposed to formulation-supplemented media for a 4-day treatment period. Vertical bars indicate the mean
cell count with lines indicating the standard error of the mean. CET: cetyl palmitate, COMP: glyceryl behenate, PREC: glycerol palmi-
tostearate, DYN: glycerol tristearate. Reprinted with permission from Nazzal ez al. [346].

pared to a solution of free PTX) in MDA-MB-231 cells. The
increased cellular association correlates with a significant
increase in cell cytotoxicity. The mucoadhesive properties of
chitosan have been also shown effective in the delivery of
various molecules in adenocarcinomas both in vitro and in
vivo [351-353]. Shikata et al. demonstrated increased cellular
internalization of drug loaded chitosan nanoparticles in
squamous cell carcinomas (SCC-VII) and melanoma cells
(B16F10) when compared to drug solutions alone [352].
These advantages may allow lower doses of PTX to achieve
an efficacious therapeutic window, thus minimizing the ad-
verse side effects.

In the in vivo model of MDA-MB-231 human breast can-
cer cells, PTX nanoparticle formulation was compared to a
control (no treatment), PTX standard clinical IV solution and
a placebo (blank nanoparticle formulation). After a single
intratumoral bolus dose of the PTX-nanoparticles, a signifi-
cant decrease (50%) in tumor diameter was observed on day
15 when compared to control, placebo, and intravenously
administered PTX. Systemic administration was also evalu-
ated and similar results were obtained. In another embodi-
ment of the invention, the authors prepared and characterized
a GEM-nanoparticle formulation consisting of chitosan and
GMO. They evaluated the physiochemical properties, parti-
cle size, surface charge, GEM encapsulation, in vitro release,
and in vitro cellular association, safety and efficacy of the
nanoparticle in an in vitro pancreatic cancer model (Mia-
PaCa-2 and BxPC-3). The results obtained are in the same
line that those obtained for PTX formulations.

The authors also assessed the cellular uptake and sub-
cellular localization of the developed nanoparticle drug de-
livery systems composed only of chitosan and GMO. The
study showed that the chitosan/GMO nanoparticle formula-
tion clearly colocalized in the nuclear compartment, which
might make them appropriate for gene delivery.

4.13. Improving the Stability of Docetaxel-SLN Formula-
tion

Phospholipid-based LP formulations for PTX and DTX
have been developed to solve the already mentioned vehicle-
related safety issues (see section 3.1) [80, 354, 355]. The
main advantage of these formulations is the elimination of
toxicity related to the Cremophor EL or polysorbate 80, and
a reduction in the toxicity of the taxane itself, as demon-
strated in several animal tumor models [80, 354, 356].

Using the technology disclosed in US5439686 patent
[357], as we mentioned before, ABRAXANE", a highly use-
ful formulation for drug delivery of PTX has been devel-
oped. In that case, the nanoparticles produced were amor-
phous. When the method described in US5439686 patent
was applied to produce a DTX nanoparticle dispersion, the
particles began to precipitate within 1 hour of the preparation
due to Ostwald ripening [358]. Thus the method, owing to
the physical instability, is not useful for the preparation of
DTX nanoparticles dispersed in aqueous medium. The
growth of particles in dispersion can result in sedimentation
of the particles during storage. It is particularly important
that the particle size in a dispersion of a pharmacologically
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active compound remains constant because a change in par-
ticle size is likely to affect the bioavailability, and hence, the
efficacy of the compound. Furthermore, if the dispersion is
required for IV administration, growth of the particles in the
dispersion may render the dispersion unsuitable for this

purpose.

A patent from Singh [359] shows the development of a
stable dispersion of SLN in an aqueous medium without ap-
preciable Ostwald ripening effect, for the delivery of DTX.
Stable dispersions of solid particles of DTX in an aqueous
medium can be prepared using an oil-in-water emulsion
process that comprises the following steps: DTX and Ost-
wald ripening inhibitors (e.g. a mixture of cholesterol and
cholesteryl stearate or hexadecyl hexadecanoate) are dis-
solved in a suitable solvent (e.g. chloroform). In the next
stage, in order to make solid nanoparticles, a protein (e.g.
human serum albumin) is added into the aqueous phase to
act as a stabilizing agent or an emulsifier. In the last stage, an
emulsion is formed by homogenization under high pressure
and high shear forces.

The SLN formulation of the invention showed to be less
prone to Ostwald ripening due to the presence of the Ostwald
ripening inhibitors, and more stable in solution than the for-
mulations disclosed in the prior art. The authors evaluated
the efficacy of SLN formulations with varying Ostwald rip-
ening inhibitor compositions, particle size, and DTX to pro-
tein ratio on various systems such as human cell lines and
animal models. The SLN formulation of the invention also
showed to be less toxic than the DTX administered in its free
form.

CURRENT & FUTURE DEVELOPMENTS

Nanotechnology has come a long way since it was first
conceived more than 50 years ago by physicist Richard
Feynman. Feynman's visions of the enormous possibilities
available in the molecular world spawned the discipline of
nanotechnology, which has now become one of the most
promising sciences with many fields of application, likely to
have a profound impact on our economy and society, per-
haps comparable to that of information technology or mo-
lecular biology.

Nanotechnology is a broad, highly interdisciplinary, still
evolving field, and its relevance is evidenced by the fact that
most countries invest a significant and increasing budget in
nanoscience. Furthermore, among all the existing applica-
tions of nanothecnology, cancer research is one of the hottest
fields, with current efforts focused on how to use nanotech-
nology to radically change the ability of medicine to diag-
nose, understand and treat cancer. In 2004, the US National
Cancer Institute (NCI) launched the Alliance for Nanotech-
nology in Cancer, a $144 million cancer nanotechnology
initiative to advance a number of promising nanotechnolo-
gies for the diagnosis, treatment and prevention of cancer.
After five years, the success of the program led NCI to an-
nounce in 2010 an investment of approximately $30 million
per year for the next five years for the second phase of the
Alliance’s research and training initiatives [360]. Through
this review, in its two parts, we have attempted to present
patents that represent clear examples of the new develop-
ments that are being carried out to tailor physicochemical
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properties of chemotherapeutic agents and develop safer
treatments that specifically target malignant cells. Experts
believe that nanotechnology will transform the very founda-
tions of the diagnosis, treatment and, most importantly, pre-
vention of this deadly disease.

It would be wrong to think that the future of pharmaceu-
tical nanotechnology will only mean more and better phar-
maceutical systems or therapeutics agents. We believe that
the real future will involve much more than that: it will re-
quire to change some fundamental concepts and to build new
paradigms. If we are able to develop pharmaceutical systems
selectively delivered and released in its site of action, and
specific in their molecular target, we will have to deeply
review several pharmacokinetic and pharmacological princi-
ples and models, like how to measure the drug levels and
what is considered as drug dose, as well as which will be the
procedures to evaluate the safety of pharmaceutical nanosys-
tems.

It can be seen, therefore, that we are in the beginning of
an era that, undoubtedly, will be very productive and creative
in offering new opportunities for a more rational fight
against disease and human suffering.
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