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Abbreviations

2DG 2-Deoxy-D-glucose

A10 RNA aptamer A10 2'-fluoropyrimidine RNA aptamer
ACTH Adrenocorticotropin hormone

CRF Corticotropin releasing factor

CS Chitosan

DCC N,N'-dicyclohexylcarbodiimide

EDC 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride

EPR Enhanced permeability and retention

FOL Folic acid

HER Human epidermal receptors

MRI Magnetic resonance imaging

NHS N-Hydroxysuccinimide

PCL Poly(e-caprolactone)

PDGFR Platelet-derived growth factor receptor

PEG Poly(ethylene glycol)

PET Positron emission tomography

PGA Poly(glycolic acid)

PLA Poly(lactic acid)

PLGA Poly(lactic-co-glycolic)

PLL Poly(L-lysine)

PSMA Prostate-specific membrane antigen

All authors contributed equally to the paper.

M. F. Oliveira * P. P. G. Guimaraes * A. D. M. Gomes * D. Suarez *
R. D. Sinisterra (<)

Departamento de Quimica, Instituto de Ciéncias Exatas,
Universidade Federal de Minas Gerais (UFMG), Avenida Pres.
Antonio Carlos 6627, Pampulha,

CEP: 31270-901 Belo Horizonte, Minas Gerais, Brazil

e-mail: sinisterra@ufmg.br

siRNA Small interfering RNA

SPECT Single photon emission computed
tomography

TPGS D-a-tocopheryl polyethylene glycol
succinate

VCAM-1 Vascular cell adhesion molecule-1

VEGFR Endothelial growth factor receptors

WGA Wheat germ agglutinin

Challenges of cancer therapy

Cancer is a leading cause of death worldwide, with projec-
tions estimating 13.1 million of deaths in 2030 [1-3]. There
are many different cancer types, as well as complex meta-
static processes, limiting the efficacy of broad stroke treat-
ments [4—6]. Solid tumors account for up to 80 % of all
cancers, and despite the great number of anticancer drugs
available, treatment is still a challenge for the chemothera-
pist in pharmaceutical companies [7]. Cases of stomach and
breast cancers have been illustrated in the Egyptian history
(1500-3000 BC), and physicians used to remove surgically
the mass of tumor as palliative. Then, surgery was the most
used method to cancer treatment until chemotherapeutic
drugs development [8—10]. Chemotherapy refers to the uses
of conventional drugs to eradicate or eliminate the growth
and development of tumors cells [11]. Earlier, cancer treat-
ment began with Goodman and Gilman in 1941, using the
nitrogen mustards, which had effect of leukocyte reduction
in patients with lymphosarcoma. However, further studies
with these substances identified their carcinogenic effects
[10]. Many molecules with antiproliferative and cytocidal
effects have been reported, especially antifolate and
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platinum-based drugs, as described by Rosenberg in 1970s.
Cisplatin, carboplatin, and oxaliplatin are examples of com-
pounds that are widely used for the treatment of different
types of cancer until today. Other anticancer drugs have
been released in 1990s, for treatment of solid tumors, in-
cluding vinca alkaloids and the taxanes [12—14].
Significant advances have been done in all the currently
available chemotherapeutic treatments for cancer, associated
or not with other therapies, such as surgery and radiothera-
py; however, there are still shortcomings, making them far
from ideal options for the patient. Systemic chemotherapy is
widely employed across the whole cancer spectrum [6,
15—17]. Traditional chemotherapeutic drugs prevent cell
division (mitosis), trigger cell death (apoptosis), and/or re-
duce blood vessel growth (angiogenesis). Therefore, these
are potent to kill cancer cells, but do not discriminate be-
tween tumor and normal cells. In addition, chemotherapy is
frequently associated with systemic toxicity, and their low
efficacy is related to the development of side effects, includ-
ing emesis, neurotoxicity, and neutropenia [18-20]. Cisplat-
in is a well-known metal complex that exhibits high
antitumor activity; however, it has elevated toxicity, as acute
and chronic nephrotoxicity [13]. Other side effects of anti-
cancer drugs include the number of blood cells decreasing
(granulocytes, lymphocytes, erythrocytes, monocytes, and
platelets), increasing risk of infection, bruising, and bleed-
ing, as well as nausea and hair loss. Most of anticancer
drugs remain in bloodstream for a short period of time due
to high glomerular clearance [21]. Furthermore, the intrave-
nous administration of chemotherapeutic drugs is painful
because it requires a pharmaceutical formulation with or-
ganic solvents and/or classical surfactants. In order to over-
come this drawback, oral administration has been applied;
however, this route often leads to a low bioavailability of the
active cytotoxic drug decreasing treatment efficiency [22].
The known limitations of anticancer agents include the
following: (a) low selectivity, wherein the distribution volume
of the anticancer agent provides an uncharacteristically high
drug concentration in normal tissues; (b) low specificity, where-
in the chemotherapeutic agent also affects the acts of metabolic
pathways also presented in the normal cells; (c) low molecular
weight, which would require a high-dose of administration
because of a high rate of excretion; (d) small therapeutic index
with dose-dependent side effects; (e) low water solubility that
complicates the preparation of formulations that lead to a high
rate of degradation that hinders oral administration; and/or (f)
the rapid induction of chemoresistance, which is frequently
associated with the overexpression of P-glycoprotein that rap-
idly removes positively charged xenobiotics [23, 24].
Moreover, there are numerous obstacles in vivo that can
physically prevent the anticancer drug from reaching its
intended site after injection or administration [25]. Intratu-
moral drug delivery is complex and depends on: (a)
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physicochemical properties, such as size, surface composi-
tion, hydrophobicity, and charge; (b) presence of a physiolog-
ical barrier, including the blood-brain barrier; and/or (c)
biophysical events, such as interstitial pressure, extravasation,
and tissue access [24, 26-28]. These drawbacks need to be
overcome to amend the chemotherapeutic treatment of solid
tumors and to increase therapeutic efficacy, by improvement
of drug loading and retention, circulation kinetics, tumor
accumulation, target cell uptake, and intracellular drug re-
lease. Nanodelivery systems are novel promising approaches
to overcome these known barriers and to improve the efficacy
and safety of chemotherapy treatment [22-25].

Thus, this review will focus on different strategies to target
tumors using nanodelivery systems based on biodegradable
polymers, aspects of intellectual property and market. This
study will be useful to make a strategic evaluation concerning
the drug nanodelivery systems in cancer treatment.

Nanotechnology and molecular targets the treatment
of solid tumors

Over the past 30 years, exploration of nanotechnology’
strategies has brought significant innovations to the fields
of pharmacology. Systems based on liposomes were devel-
oped about 40 years ago, in order to improve the delivery of
known compounds [29-35]. Furthermore, nanotechnology
has contributed to the development of more effective diag-
nostic methods for the last 25 years, through the creation of
contrasts and improve drug delivery by targeting to specific
sites [36]. Targeted therapy is a recent development in
cancer therapeutics and has now become an established
paradigm in cancer treatment; however, further improve-
ments could arise from progress in nanodelivery systems.
Thus, targeted delivery of anticancer agents has been a key
focus for drug delivery specialists, based on the already
mentioned reasons. Current research has shown that, for
nanosystems to penetrate the tumor and to be effective in
cancer treatment, the ideal dimensions should be in the
range of 10-100 nm, since anything smaller may be filtered
out and then removed by the kidneys and particles larger can
be taken up by macrophages [37—40].

Incorporation of anticancer drugs into nanodelivery sys-
tems is a promising way to overcome chemotherapy-related

! Nanotechnology is a multidisciplinary science that studies materials,
devices, and systems at the atomic, molecular, and supramolecular
levels. The sizes of these technologies can vary from a few nanometers
to several hundred nanometers, according to their intended use. The
use of nanotechnology in medicinal applications is called “nanomedi-
cine,” and is an area that has been revolutionary for medical care. This
particular field has led to the development of sophisticated drug nano-
delivery systems, particularly with regard to diagnosis and treatment of
cancer.
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systemic toxicity. Drug nanodelivery systems have several
advantages over systemic chemotherapy. First of all, their
smaller size allows the accumulation of higher drug concen-
trations at the tumor sites [41]. Second, these nanometric
systems improve the solubility of water-insoluble drugs, de-
creasing the toxic side effects associated with intravenous
administration [42]. Third, nanodelivery systems can help to
minimize drug degradation, which might improve drug bio-
availability after oral administration, and finally, these systems
could potentially reduce the frequency of administration im-
proving patient compliance to the prescribed treatment regi-
men [43-46]. The generation of drug nanodelivery systems
for specific molecular targets is essential to understand and
take advantage of signaling pathways that are specifically
activated in cancer. This knowledge has allowed to develop
“smart drugs” that recognize and bind the target tissues using
specific ligands [47, 48]. In this research area, one could find
several successful examples of cancer-specific targets [49].
One of the most interesting targets in anticancer therapy
is the angiogenic process, which is interconnected with the
maintenance, growth, and spread of various types of tumors
[50]. Angiogenesis is characterized by a variety of factors;
however, its main targetable effectors include the vascular
endothelial growth factor (VEGF), vascular endothelial
growth factor receptor (VEGFR), the platelet-derived
growth factor receptor (PDGFR), the av33 integrins, the
matrix metalloproteinase receptors, and the vascular cell
adhesion molecule-1 (VCAM-1). Although there are
target-based cancer drugs available in the market today,
some therapies are still in clinical trials (Table 1), and further
improvements could arise from progress in nanodelivery
systems [49, 51-58]. One important example of nanodeliv-
ery system of anticancer drug available in the clinic is
Abraxane®, which consist of nanoparticle albumin-bound
paclitaxel that does not require the use of toxic solvents and

Table 1 Examples inhibitors of angiogenesis

seems to contribute to its favorable therapeutic index [59].
In addition, other examples of nanodelivery system are
disclosed in the literature, such as ternary nanostructures
polysaccharide—paclitaxel—folic acid as cancer target. In this
work, it is shown that the ternary system is more effective
than the Food and Drug Administration (FDA) approved
paclitaxel formulation when tested against the highly FR-
positive KB tumor model. The remarkable tumor shrinkage
observed in groups treated with heparin—paclitaxel—folic
acid was on pair with the best results reported in the litera-
ture found on polymer—drug conjugate investigation. The
ternary nanostructures displayed remarkable antiangiogenic
effect on tumor vasculature. Heparin—paclitaxel—folic acid
was also very effective in drug resistant KB tumors, poten-
tially overcoming multidrug resistance through targeting
and tumor vasculature inhibition [60].

Another important process involved in the development
of cancerous tissue is uncontrolled cell growth (mitosis).
This process is characterized by the expression of several
membrane receptors, such as human epidermal receptors
(HERs), the transferrin receptor, and the folate receptor.
Some small-molecules inhibitors that target HER were pre-
viously approved by FDA. Other drugs are currently under
development and clinical trials (Table 2) [49, 52, 61-65].

Biodegradable polymers as nano-carriers for targeted
delivery systems

Several drug nanocarriers have been investigated for can-
cer chemotherapy transporters, including metallic nano-
structures, silica nanoparticles, quantum dots, carbon
nanostructures, liposomes, dendrimers, and other poly-
meric systems, including nanoparticles and polymeric
micelles [20, 66—69].

Drugs Target

Trial stage

VEGF

VEGFR-1, VEGFR-2, VEGFR-3, PDGFR
VEGFR-1, VEGFR-2, PDGFR
VEGFR-1, VEGFR-2, PDGFR

Bevacizumab (Avastin®)
Sorafenib (Nexavar®)
Sunitinib (Sutent®)
Vatalanib (PTK-87)

AMG-706 VEGFR-1, VEGFR-2, VEGFR-3, PDGFR
CP-547,632 VEGFR-1, VEGFR-2, VEGFR-3

Pazopanib (Votrient® ) ~ VEGFR-1, VEGFR-2, VEGFR-3, PDGFR
ABT-869 VEGFR-1, VEGFR-2, VEGFR-3, PDGFR

Cediranib (AXD)2171 VEGFR-1, VEGFR-2, VEGFR-3

FDA approved
FDA approved
FDA approved

Phase III (colorectal), phase II (brain, breast, gynecological,
non-small cell lung, lymphoma, melanoma, mesothelioma,
myelodysplasia, neuroendocrine, pancreatic, prostate)

Phase II (breast, gastrointestinal stromal tumors, gynecological,
neuroendocrine, non-small cell lung, thyroid)

Phase II (gynecological)
FDA approved
Phase II (breast, colorectal, liver, non-small cell lung, renal)

Phase II (brain, breast, colorectal, leukemia, liver, non-small cell lung,
small cell lung, melanoma, mesothelioma, myelodysplasia, ovarian,
prostate, renal
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Table 2 Examples of small-

molecule targeting HER Drugs Target Trial stage
Erlotinib (Tarceva®) EGFR FDA approved
Lapatinib (Tykerb®) EGFR, HER2 FDA approved
XL-647 EGFR, HER2, Ephrin B4, VEGFR2,  Phase II (non-small cell lung)
BIBW-2992 EGFR, HER2 Phase II (breast, head and neck, non-small
cell lung, prostate)
BMS-599626 EGFR, HER2, HER4 Phase 1
BMS-690514 EGFR, HER2, HER4, VEGFR2 Phase 1
PF-00299804 EGFR, HER2, HER4 Phase [
ARRY-334543 EGFR, HER2 Phase [

In polymeric nanoparticles, a drug is dispersed into the
polymer matrix (nanospheres) or encapsulated in polymer
(nanocapsules). On the other hand, polymeric micelles are
formed of amphiphilic block copolymers consisting of a
hydrophilic and a hydrophobic monomer, which assemble
into a core—shell structure in aqueous solution [45, 70, 71].
Polymer systems offer significant advantages when com-
pared to other applied drug delivery systems: (a) there are
a variety of polymer matrices available; (b) some polymers
respond to stimuli; (c) surface modification are possible; (d)
drug is better protected against degradation; (e) factors can
be included that modulate drug release; and (f) production of
biocompatible and biodegradable polymers has been exten-
sively investigated under current Good Manufacturing Prac-
tices guidelines [72].

These investigations include matrices for the preparation
of drug nanodelivery systems, using FDA-approved aliphat-
ic polyesters, including poly(lactic acid) (PLA), poly(gly-
colic acid) (PGA), and poly(e-caprolactone) (PCL) [46,
73-76]. Additionally, other polymers and copolymers, in-
cluding poly(lactic-co-glycolic) (PLGA), and those contain-
ing lactide, glycolide, and caprolactone, have been
synthesized to modify chain properties (e.g., hydrophilicity,
crystallinity, and molecular weight) to increase encapsula-
tion rate and modulate drug release [30, 77-79]. In this
sense, PLGA can be made with different proportions of
lactide and glycolide and must be identified according to
the ratio of the monomers present (e.g., PLGA 75:25 iden-
tifies the copolymer containing 75 % lactic acid and 25 %
glycolic acid) [29, 78]. Generally, aliphatic polyesters deg-
radation occurs through the cleavage of polymer esters
bonds chain by hydrolysis [80].

Polymeric systems of aliphatic polyesters, when associ-
ated with other components, are efficient multifunctional
devices for anticancer drug delivery systems. These systems
demonstrated greater specificity and better drug delivery
into cancer cells through the careful modulation of their size
and surface properties [20, 23, 8§1-86].

Passive targeting is based on the physiological differ-
ences between healthy and diseased tissues. Tumor growth
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depends on the formation of new blood vessels (i.e., neo-
angiogenesis), which brings fresh oxygen and nutritional
support to the sites of rapid growth. During tumor angio-
genesis, which differs from normal angiogenesis, vessels are
rapidly formed that are leaky and have high permeability.
Thus, nanoparticles depend on diffusion or convection to
access the sites of tumor. Their movement is controlled by
the phenomenon of enhanced permeability and retention
(EPR). This process results in the accumulation of particles
inside a solid tumor (Fig. 1) [45, 52, 87-92].

In active targeting, particles are preloaded with drug and
are targeted to the site of action by surface ligands that are
attracted by tumor-specific receptors (Fig. 1). Success of this
process is related to the careful selection of ligands, which
would ideally provide high specificity, high affinity, and
cause an increased cellular uptake of nanoparticles [6, 45,
93-98]. The most commonly used types of ligands include
monoclonal antibodies, aptamers, cell-specific peptides, car-
bohydrates, and small molecules [99, 100]. Moreover, gene
therapy presents new opportunities for cancer treatment
once its development is associated with multiple changes
on the genetic level of the cells. Cancer gene therapy aims to
correct these genetic alterations called genetic dimorphisms
through the suppression pathological genes and/or re-
expression functional tumor suppressor genes. Thus, plas-
mid DNA, antisense oligodeoxynucleotides and small inter-
fering RNA (siRNA) have also been studied to solid tumors
targeting [101-104].

Recent studies have shown that functionalized polymeric
systems are promising carriers to target anticancer drug
delivery, since these systems have preferential internaliza-
tion by diseased cells, thus leading to an overall greater
efficiency of the therapeutic agent [105—110]. These poly-
meric systems are based on homopolymers and copolymers,
such as micelles formed by amphiphilic block copolymers
and contain poly(ethylene glycol) (PEG), because it is non-
toxic, nonimmunogenic, and FDA approved for human
intravenous, oral, and dermal applications. The hydrophilic
polymers used in the surface modification (such as PEG)
promote a greater particle biocirculation time and their
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Fig. 1 Passive and active targeting. This diagram shows the particular enhanced vascular permeability in regions of tumor, which allows the
macromolecules to be retained in tumors for extended periods, through the enhanced permeability and retention (EPR) effect

functional groups enable ready conjugation with specific
targeting molecules (Fig. 2) [72, 73, 80, 111].

Strategies for modifying the surface of aliphatic
polyesters

Materials science researchers are continuously challenged to
develop new and better methods to modify and to function-
alize the surface of aliphatic polyester nanoparticles and
micelles with variety ligands. Different surface chemistries
are associated with particular circulation times in bloodstream,
rates of accumulation in the target cell, endocytosis and endo-
somal escape, and toxicity profiles in the body [112]. Thus,
the control of surface properties, through surface change, is
related to the ultimate success of the nanodevices for deliver-
ing and targeting cytotoxic drugs to the action site [82]. In
order to modify the surface of aliphatic polyesters

nanoparticles and micelles covalent and noncovalent attach-
ments between the polymer and the desired ligands can be
generated. Noncovalent attachment occurs by entrapment,
migratory additives, plasma treatment, and adsorption pro-
cess. On the other hand, covalent bonds are formed by chem-
ical reactions using specific reagents [113, 114].

A widely used approach for performing noncovalent attach-
ment is the adsorptive process using by coating the particle
surface hydrophilic polymers, such as PEG, poly(L-lysine)
(PLL), and polysaccharides. This strategy maximizes the accu-
mulation of nanoparticles in solid tumors based on the signif-
icantly regulation time increasing in the system. This
phenomenon is essentially related by making them “invisible”
to the mononuclear phagocyte system. In this process, plasma
proteins are then repelled from the particle surface due to
mechanisms associated with steric stabilization and minimiza-
tion of surface charge by attaching hydrophilic polymers. Then,
those polymers reduce particle aggregation and electrostatic
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Nanoparticles

Micelle Loaded drug

PEG molecules

Targeting molecules

PEGylated target molecules

Micelle polymer

Polymeric micelles

Coat polymer

Nanoparticle Loaded Drug

PEGylated nanoparticles

Liganded PEGylated nanoparticles

Liganded polymeric micelles

Fig. 2 Nanoparticles and micelles used in targeting cancer treatment: (a) Nanoparticles; (b) PEGylated nanoparticles; (¢) Liganded PEGylated

nanoparticles; (d) Polymeric micelles; (e) Liganded polymeric micelles

interactions with other components within the circulation
resulting in less opsonization and clearance [39, 115, 116].
Strategy used by Chung et al. [117] to increase efficacy
of the PLGA nanoparticles in tumor-targeting and to de-
crease their high localization in liver was to coat their
surface using Pluronic® F127 (polyoxyethylene—polyoxy-
propylene triblock copolymer) functionalized with heparin
or chitosan. The rationale behind this functionalization was
driven by higher-affinity binding and internalization of hep-
arin in dividing vascular endothelial cells and also because
of the mucoadhesive properties of chitosan, which increases
the retention time of nanoparticle in cancer cells. Cytotox-
icity and cellular uptake of the nanoparticles were analyzed
using normal cells (NIH/3T3 fibroblast) and tumor culture
cells (SCC7). There was no significant cytotoxicity for non-
functionalized and functionalized nanoparticles in contrast
to the enhanced tumor cell uptake of the functionalized
nanoparticles in comparison to the control nanoparticles
coated with Pluronic®. In vivo accumulation and biodistri-
bution of PLGA-based nanoparticles was evaluated in
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athymic mice after that SCC7 tumor model was developed.
Higher accumulation in tumor of 2.2- and 2.4-fold for
heparin and chitosan-conjugated Pluronic® nanoparticles
was observed, respectively [117].

In a similar study conducted by Parveen and Sahoo [118],
PLGA nanoparticles loaded with paclitaxel surface coated
with chitosan, PEG, and chitosan/PEG blend were prepared
in order to maximize the drug therapeutic effect and also to
decrease the phagocytosis process of PLGA nanoparticles.
Lower opsonization and macrophage uptake of PLGA-
loaded paclitaxel nanoparticles associated with a combinato-
rial coating of chitosan and PEG was observed in comparison
noncoated nanoparticles. This result could be due to lower
blood protein adherence of the PLGA coated nanoparticles.
Higher bioavailability was also observed as a consequence of
lower liver nanoparticles catching process. In addition, higher
efficacy of PLGA-coated nanoparticles loaded with paclitaxel
in cancer cell including human retinoblastoma cell line (Y79
and WERI-Rb-1), breast cancer cell line (MCF 7), and pan-
creatic cancer cell line (MIA PaCa-2) was observed may be
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due to higher intracellular paclitaxel delivery in the cancer
cells when compared to free paclitaxel [118].

Bilensoy et al. [119] developed PCL nanoparticles coated
with chitosan (PCL-CS) and poly(L-lysine) (PCL-PLL)
loaded with mitomycin C for bladder cancer treatment
through intravesical drug delivery. Challenges in this treat-
ment are to keep the drug therapeutic level because of
periodical discharge of bladder. In order to overcome this
problem, development of systems using bioadhesive poly-
mers can lead effective devices. Higher cellular uptake of
PCL-CS nanoparticles was observed, being selectively in-
corporated by a MB49 mouse urinary bladder carcinoma
line in comparison to normal bladder epithelial cells [119].

Second strategy used to modify the surface of aliphatic
polyester polymers forms a covalent attachment through an
amide bond formation between one carboxylic acid group and
one amino group. Compounds containing carbodiimide func-
tionality, such as coupling reagents, are used in this organic
synthesis in order to activate the acid groups. In this sense, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) and N,N'-dicyclohexylcarbodiimide (DCC) are widely
used. The reaction of the carbodiimide with one carboxylic
acid group results in the formation of an unstable intermediate,
so called O-acylisourea, which is stabilized using N-hydrox-
ysuccinimide (NHS), thus leading to the succinimide ester. In
this reaction, this last active ester intermediate reacts with the
amine group to form an amide bond. A schematic of this
reaction can be viewed in Fig. 3 [120—122].

PEGylation techniques involve the incorporation of poly-
mer conjugates (e.g., PLA-PEG) or the covalent attachment of
amino- or carboxyl-terminated polymers. These techniques
are described as a strategy for surface modification in order
to increase the overall circulation time of the particles in the
body [72, 108]. The reactions described above have been
extensively used in the preparation of nanoscale anticancer

Fig. 3 Reaction between
nanoparticles or micelles with
terminal carboxylate groups
and amine groups leading to
amide bond formation using
carbodiimide and N-
hydroxysuccinimide
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‘ ' OH
. ' 0o——N

Succinimide ester 9

N=C=N
/ %
:>

Carbodiimide

drug release systems from aliphatic polyester matrices, as well
as for the conjugation of ligands. Strategy developed by
Cheng et al. [105] describes the preparation of core—shell
structures, based on amphiphilic block copolymers of
PLGA-PEG conjugated to A10 2'-fluoropyrimidine RNA
aptamer (A10 RNA aptamer) for systemic drug delivery as
an alternative approach for the intratumoral administration
already developed for the same research group. A10 RNA
aptamer has been used as a ligand, targeting prostate cancer
cells that express prostate-specific membrane antigen
(PSMA). Firstly, systems were synthesized from PLGA-
PEG-COOH and COOH-PEG-NH, through a reaction with
EDC/NHS. Then, copolymer micelles were prepared, contain-
ing docetaxel or '*C-paclitaxel, and subsequently conjugated
to an amine-terminated aptamer through an EDC/NHS reac-
tion. Human xenograft prostate cancer tumors (LNCaP cells)
were induced in balb/c nude mice and in vivo accumulation
and biodistribution of micelles were carried out. Significantly
enhanced '*C-paclitaxel delivery and greater uptake by cancer
cells were observed for micelles conjugated with A10 RNA
aptamer over control micelles without targeting aptamer (a
3.77-fold increase at 24 h) [105].

In another study developed by Dhar et al. [123], in order
to obtain a device for prostate cancer treatment, core—shell
structures based on PLGA-PEG conjugated to A10 RNA
aptamer loaded with platinum (IV) compound c,t,c-[Pt
(NH3),(0,CCH,CH,CH,CH,CH3),Cl,] (cisplatin prodrug)
were prepared. Cisplatin is less effective to treat prostate
cancer due to development of resistance and poor targeting.
For this reason, cisplatin targeting was proposed as a way to
increase the efficacy of treatment. /n vitro tests used prostate
cancer cells including LNCaP (express a high level of
PSMA) and PC3 (negligible levels of PSMA) were devel-
oped to evaluate uptake and cytotoxicity of the platinum
(IV) compound encapsulated within micelles. Higher
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cytotoxicity of bioconjugated PLGA-PEG-loaded cisplatin
prodrug micelles on LNCaP cells was observed in compar-
ison with nontargeted micelles and free cisplatin. Cellular
uptake via endocytosis was observed only in the LNCaP
cells confirming the differential binding and internalization
of the micelles conjugated with A10 RNA aptamer in cells
which express PSMA protein on their surfaces [123].

According to Zhao and Yung [124], core—shell structures of
PLGA-PEG can also be prepared using folic acid (FOL) for
tumor-specific targeting. Different types of cancer cells ex-
press folate receptors in greater quantities compared to normal
tissues. In this sense, folate has been employed as a targeting
molecule in drug delivery devices. Initially, PLGA-PEG-FOL
was synthesized from NH,-PEG-NH,, PLGA, and FOL
through a reaction with DCC/NHS and after doxorubicin
was then incorporated into the system as a model drug. Higher
cytotoxicity of doxorubicin-loaded PLGA-PEG-FOL micelles
was observed than that of PLGA-PEG micelles and free
doxorubicin. In addition, higher selectivity and cellular uptake
of the PLGA-PEG-FOL micelles on KB an MATB III cancer
cells, which overexpressed folate receptors, was observed
than fibroblast cells [124].

In another study, Pan and Feng [125] prepared polymeric
nanoparticles based on PLA and D-«-tocopheryl polyethyl-
ene glycol succinate (TPGS), a water-soluble derivative of
natural vitamin E, surface modified with FOL, and loaded
with paclitaxel. It was reported that TPGS has ability to
increase the drug encapsulation loading and inhibited P-
glycoprotein-mediated multidrug resistance. In this process,
copolymer PLA-TPGS and TPGS-COOH were synthesized
and blended together to prepare paclitaxel-loaded nanopar-
ticles. Subsequently, FOL-NH, was synthesized through an
amination reaction of FOL in the presence of excess ethyl-
enediamine and DCC/NHS. The conjugation of TPGS-
COOH, present on the surface of the nanoparticles and
FOL-NH, was carried out using EDC/NHS. The therapeutic
effect of paclitaxel formulated in nanoparticles was evaluat-
ed through in vitro tests using breast cancer cells (MCF-7)
and brain cancer cells (C6). It was demonstrated higher
cytotoxicity and cellular uptake of nanoparticle conjugated
with FOL on MCF-7 and C6 than nanoparticles without
FOL surface modification and Taxol®, gold standard for-
mulation of paclitaxel [125].

Wheat germ agglutinin (WGA) was used to functionalize
the surface of PLGA nanoparticles containing paclitaxel.
WGA is considered as a good ligand to targeting since it
specifically recognizes and binds to N-acetylglucosamine
and sialic acid present in the cell membrane, thus promoting
a greater internalization of nanoparticle-loaded drugs within
colon cancer cells. WGA was conjugated to nanoparticles
using EDC/NHS, which promotes the activation of free
carboxylic groups of PLGA with subsequent binding to
amine groups present in the molecules of WGA. Cellular

@ Springer

uptake and cytotoxic activity of the PLGA-WGA nanopar-
ticles on Caco-2 and HT-29 cancer cells was higher than
nonmodified PLGA nanoparticles and Taxol® due to in-
creased intracellular paclitaxel concentration. Moreover,
higher selectivity of PLGA-WGA nanoparticles on colon
cancer cells was also observed in comparison to the human
fibroblast [126].

Kocbek et al. [106] described the preparation of PLGA
nanoparticles conjugated with monoclonal antibody that
specifically recognized cytokeratins expressed by cancer
cells. These macromolecules have played an important role
in site-selective delivery because some monoclonal antibod-
ies are associated with specific signaling cascades which can
potentiate the therapeutic effect for anticancer drugs. In this
study, covalent and noncovalent modes of binding were
used to attach the antibody to these nanoparticles. Covalent
binding was made through a reaction with EDC, which
conjugated the primary amino group present on the antibody
with the carboxylic acid groups of PLGA. Noncovalent
binding was achieved by adsorption. The ability of the
nanoparticles to target antigen rich cells was investigated
using human breast epithelial cells (MCF-7 and MCF-10A
neoT). The particles with noncovalent bound antibody
showed a greater ability to recognize cancer cells than the
particles with covalently bound antibody. This fact can be
explained by the possible self-polymerization of the anti-
body during the reaction with EDC, reducing their specific
target affinity. Another possibility is associated with non-
specific covalent binding of PLGA to the antibody within
the antigen recognition site as a consequence of proteins
side reactions in presence of EDC [106].

Recently, Chakravarthi and Robinson [120] investigated
the PLGA particles containing paclitaxel and their process
of a adhering to mucus on cancer cell membranes. These
particles were modified with chitosan, which were adsorbed
onto the surface of the particle or covalently linked through
a reaction with EDC/NHS. It was observed that conjugation
of chitosan-PLGA nanoparticles decreased the 1Cs 2.5 fold,
compared to control PLGA nanoparticles as well as pacli-
taxel solution and that the cellular incorporation of paclitax-
el into 4T1 cells increased 4.5—-10 times when chitosan was
adsorbed or conjugated to PLGA nanoparticles [120].

Numerous studies have been conducted to investigate the
uses of gene therapy for the treatment of cancer [16, 110,
127-129]. However, antisense oligonucleotides and plasmid
DNA have inherently poor stability and problems to penetrate
in the cell. These barriers can be overcome by encapsulation of
biomolecules in polymeric systems [130]. In this sense, Xiong
et al. [131] synthesized and evaluated polymeric micelles,
based on amphiphilic copolymer poly-(ethylene oxide)-block-
poly-(e-caprolactone) grafted with polyamines, for the delivery
of siRNAs to treat different types of cancer. The synthesis of
this copolymer was performed by ring-opening polymerization
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of a-benzylcarboxylate-e-caprolactone, using x-methoxy-PEO
(PEO) as an initiator. Then, polyamines were conjugated
through a reaction with DCC/NHS, and after the subsequent
formation of amide bonds, siRNA was added to the system to
form a copolymer/siRNA complex. These studies showed that
the copolymers effectively bind to siRNA to form micelles and
protected the RNA from its typical degradation by serum
nuclease. It was also found that amphiphilic polycationic poly-
mers with primary amine ends were efficient transducers of
siRNA cellular uptake. /n vitro tests indicated that these poly-
meric micelles exhibited efficient gene silencing of P-glyco-
protein expression, which is the main cause of multidrug
resistance and the major cause of chemotherapy failure in
cancer patients [131].

Intellectual property and drug nanodelivery system
patents

Intellectual property, primarily in the patents form, contin-
ues to be a key role for specialists and for the development
of new generation of advanced drug nanodelivery systems
[132, 133]. This is particularly true for the pharmaceutical
companies that depend tightly on the exclusion of other
competitors from the market, in order to ensure the recovery
of their research and development (R&D) costs and invest-
ments. For this reason, it is economically essential to create
an intellectual property strategy that will protect the tech-
nology and the commercial interests of the companies [94].
Furthermore, companies that seek to develop and commer-
cialize new drug nanodelivery systems must ensure that they
have broad freedom to operate and to avoid legal problems.
On the other hand, the patent system is designed to dissem-
inate knowledge and information to the public, through the
publication of patent applications and granted patents. Pub-
lishing this information has previously stimulated innova-
tion and the generation of new patents by designing around
existing patents [134—136].

The patents are one of the key factors to protect the
efforts and the investments in this new area of delivery
systems for cancer. Thus, since 1975 until now, around
2,121 patents in advanced drug delivery in cancer have been
issued, which most of these patents are related to polymer-
based delivery systems (Fig. 4). Each one of 2,121 patents
can have more than one variety of advanced drug delivery
systems described [7]. According to Fraser-Moodie [137], a
recent world patent analysis showed that more than 60 % of
the healthcare nanotechnology patents originate in the USA,
followed by Europe and Japan with 34 and 5 %, respective-
ly. This scenario may account for the accumulated scientific
knowledge and experience in the commercialization of
healthcare products based on nanotechnology. However,
share from USA has decreased significantly, due to increase

in R&D efforts of healthcare players and the growth of
market share from developed countries (Fig. 5) [137].

There are at least three compulsory conditions to obtain a
patent: (a) the invention must be novel, (b) the invention
must contribute sufficient advancement in relation to the
state-of-the-art (inventive step), and (c) the invention must
have industrial application [138]. Therefore, mainly due to
the high specificity of nanodelivery systems, there are clear
opportunities for obtaining patent protection. Nanodelivery
systems are a promising way to improve therapeutic activity
and to reduce the toxicity of previously approved drugs,
which in some cases can also provide a life-cycle extension
of drugs after their patent expires [139]. According to Bar-
ton [7], the uses of advanced drug delivery technologies
fulfills these challenges by providing new formulations of
leading brands (e.g., cisplatin, paclitaxel, and doxorubicin),
which are either off patent or face patent expiration in the
near term. In January 2007, for example, Frasenius Kabi
Oncology company launched the drug nanodelivery system
used for the delivery of paclitaxel (Nanoxel®) [7]. Another
example is the Avastin® (Bevacizumab; Roche/Genentech)
that prevents tumor blood vessel growth (angiogenesis)
through the targeting of VEGF and was approved in 2004.
Avastin® is currently used as first-line therapy for metastatic
colorectal cancer, as first-line therapy for nonsmall cell lung
cancer in combination with chemotherapy and more recent-
ly as first-line treatment of metastatic breast cancer, ad-
vanced renal cell carcinoma, and glioblastoma. Its patent
will expire in 2019. However, the literature discloses new
nanotechnology advances to this currently used drug and
probably will get new formulation patents [7, 140, 141].
One example of a nanotechnology advancement involving
this drug is related to its encapsulation in PEGylated cation-
ic liposomes, which enhanced tumor targeting [142].

Although it is still a challenge to distinguish between cancer
and healthy cells effectively, several methods using nanodeliv-
ery systems are being developed, with promising results. One
effort at addressing the issue of selective tumor destruction is
disclosed in the issued US patent 7,521,066, entitled ‘“Pharma-
ceutical and diagnostic compositions containing nanoparticles
useful for treating targeted tissues and cells.” It is disclosed in the
literature that nanoparticle encapsulation and polymer conjuga-
tion could also slow or inhibit internalization of drug into tumor
cells. For example, systems of solid lipid nanoparticles for tumor
targeting have critical problems related to undesired accumula-
tion in tissues (liver and spleen) and low drug-loading capacities.
To overcome these problems, the invention seems to provide a
significant advance in the art, describing a process of producing
lipid nanoparticles containing paclitaxel, camptothecin, carmus-
tine, and etoposide to reach high drug uptake levels and elevated
passive accumulation when applied to targeted tumor tissues
and cells. In order to improve the loading capacity, surfactants
were added such as eoxycholate and Tween80® [143].
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Similarly, the issued US patent 7,976,825, entitled “Can-
cer cell diagnosis by targeting delivery of nanodevices,”
described the preparation of nanoparticle self-assemblies
formed from the reaction of polymeric nanoparticles and
paramagnetic ions or metals through ion-ion interaction in
an aqueous media used to detect tumors by magnetic reso-
nance imaging (MRI). According to the inventors, paramag-
netic contrast agents showed promising clinical results in
MRI. Two properties must be considered in the design of
MRI agents: first, the biocompatibility and second, the
ability of relaxivity which is driven by the choice of metal
and rotational correlation times. Usually, paramagnetic met-
al ions are most commonly selected for their potent relaxa-
tion enhancement. In this invention, nanoparticles were
constructed by self-assembling chitosan, a polycation, and
poly-gamma glutamic acid, a polyanion. The paramagnetic
metal ion was encapsulated in the nanoparticles forming
polycation—metal ion—polyanion complex that were capable
of uptake forming a particle with suitable molecular relax-
ivity. In addition, the folic acid was linked to the
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Drug delivery systems

nanoparticles in order to improve their ability to target
tumor cells [144].

US patent application 2011077581, entitled “Targeted
cellular delivery of nanoparticles,” discloses therapeutic
strategies for the cellular delivery of functionalized gold
nanoparticles against breast cancer. Usually, therapeutic
applications of functionalized nanoparticles are related to
the specificity cellular target, wherein different ligands have
provided better binding affinity and consequently improve-
ments in the therapeutic response. Gold nanoparticles are
promising candidates for targeting strategies of cancer treat-
ment due to their biocompatibly, inert, and relatively easy to
tweak chemically. Changing the size and shape of the gold
particle could respond to different wavelengths and could
target and kill specific cancer cells by heating while leaving
healthy cells alone [145]. In order to improve their specific-
ity, there are some studies demonstrating their functionali-
zation with ligands of cell surface receptors overexpressed
by tumor cells [146, 147]. In this context, the present inven-
tion strategy demonstrates a synergistic antitumoral activity
through a cojugation of gold nanoparticles and tamoxifen,
which is a drug that compete with the estrogen for binding
the receptors [148]. Tamoxifen ligand was conjugated to the
thiol-poly(ethylene glycol) linker via an azide—alkyne cou-
pling, and the gold nanoparticle core was covalently at-
tached to the linker, which ensured the unit of the ligand
to the core and provided specificity for cellular target.
Results showed dramatic enhanced potency (ICsq) of the
functionalized gold nanoparticle in comparison of the free
drug [149].

According to inventors of the US patent application
2011044911, entitled “Use of functionalized magnetic nano-
particles in cancer detection and treatment,” many diagnos-
tic techniques are currently available to monitor and detect
tumors; however, most of them present limitations, and
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sometimes, these are not able to differentiate between meta-
static tumors and normal tissues. In order to overcome some
of these challenges the inventors built functionalized mag-
netic nanoparticles comprising attached ligands capable to
provide specificity and metabolic uptake into a cancer cell.
Although many ligands have been claimed in this patent
application, inventors provided examples. First of them used
the ligand 2-deoxy-D-glucose (2DG), which is a component
of anticancer drugs, and antibiotics with a lactonic ring. The
6-carbon of 2DG was attached to the dextran that coated the
magnetic nanoparticles. Inventors showed sufficient uptake
of the 2DG-dextran-coated magnetic nanoparticles by tumor
cells. The second one was a conjugation of adrenocortico-
tropin hormone (ACTH) to dextran-coated and epoxy-
surface-modified magnetic nanoparticles. ACTH was con-
jugated at its NH; " group of lysine to the dextran-coated and
the epoxy-surface-modified magnetic nanoparticles, as
shown in Fig. 6. Another example in this invention dis-
closed a conjugation between corticotropin releasing factor
(CRF) and magnetic nanoparticles for the detection of
tumors, as tumors have increased receptors for CRF in
comparison with normal tissues. CRF was conjugated via
its sulfur atoms to magnetic nanoparticles by maleimide
linkers or directly to the coating of the nanoparticle, as
shown in Fig. 7 [150].

The issued US patent 7,638,558, entitled “Polymeric
micelles for drug delivery” disclosed several advantage points
for cancer treatment by nanosystems of polymeric micelles,
being the capacity to tune the core and shell components due
to their amphiphilic portions, better stability when compared
to liposomes, capacity of accumulation in solid tumors by the
EPR effect, nonspecific uptake by the reticuloendothelial sys-
tem, which are responsible to remove foreign particles from
the bloodstream, and the possibility of surface functionaliza-
tion with targeting ligands. However, the polymer micelles
have also clinical limitations related to concentration depen-
dence and reversibility. When the formulation was diluted to
be administered and met the blood components, the dissocia-
tion of the drug-loaded micelle could occur before the target.
To overcome these problems, the inventors have developed a
method to self-assembly nanosized polymeric micelles in
water. The nanosystem comprised a drug-loaded inner core
polymeric micelle, a cross-linked poly(amino acid block), and
a poly(amino acid block) outer core, and a hydrophilic shell
designed to afford cross-linked polymer micelles a higher

Fig. 6 Epoxy-surface modified 0

magnetic nanoparticles ' ¢ /

stability, for better dilution in the bloodstream. Moreover,
the nanosystem also comprised better pH-sensitive drug tar-
geting, wherein the drug is released in response to the specific
pH range found in cancer cells [151].

US patent application 2010203149, entitled “Nanopar-
ticles for cytoplasmic drug delivery to cancer cells,” dis-
closed three main challenges to be overcome in a
nanodelivery system to cancer treatment, such as the pre-
mature release of anticancer drugs in bloodstream, slow
drug release, and slow cellular uptake by cancer cells. First,
the drug is immediately released upon intravenous adminis-
tration, and only a small content of drug will reach the
tumors, which causes low drug efficiency and toxicity to
healthy tissues [152]. According to the inventors, a chemical
bond between polymer and drug could reduce this problem;
however, some nanodelivery systems showed low or no
anticancer activity when these were covalently bonded. Fast
release is caused by the low entrapment efficiency of the
drugs that can be only adsorbed onto the particles surface
and the large surface area of nanodelivery systems. Second,
the diffusion of the anticancer drug from the core to the
outside hampered by the polymer layer and the drug release
is slow, which lead to low effectiveness because of low
concentration of the drug inside the cancer cell. Third, to
avoid the recognition and subsequent uptake by the reticu-
loendothelial system and to prolong the drug circulation in
the bloodstream, PEGylation strategy has been used. How-
ever, PEGylated nanoparticles provided passive accumula-
tion in cancer interstitium, but not interaction with target
cancer cells. For this reason, several funcionalization strat-
egies have been used to enhance the cellular uptake based
on different targets, including transferrin receptor and folate
receptor. In this context, the inventors disclosed nanodeliv-
ery systems containing an anticancer drug, specifically sol-
uble at the pH of tumor cells, releases the anticancer drug
that are uptaken quickly by cancer cells. The core of the
nanoparticle comprised a layer of polymer chains that are
insoluble at the pH of healthy cells, but soluble at the pH of
cancer cells. The outside layer comprised water-soluble
polymer chains to protect the nanoparticle from recognition
by the reticuloendothelial system, thus providing a long
circulation time in the bloodstream. A particle can be op-
tionally conjugated to folic acid to target receptors on the
surface of the cancer cell [153]. Layered nanoparticles fur-
ther comprised a layer between the outer layer and the core

ACTH-Lys-NH

>

c—C—C—0 N-Lys-ACTH

)Magnetic nanoparticle
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Fig. 7 CRF conjugation via its
sulfur atoms to magnetic
nanoparticles

inner layer that was insoluble at the pH of healthy tissue but
soluble at the pH of a cancer interstitium and folate moieties
in the outer layer.

The US patent application 20070519126, entitled “Breast
cancer therapy based on hormone receptor status with nano-
particles comprising taxane,” claimed methods and kits for the
treatment of breast cancer (related to the US patent number
6506405) which described the discovery of paclitaxel and
albumin (Abraxane®). This invention showed that nanopar-
ticles comprising paclitaxel and a carrier protein have signif-
icantly better safety profiles, such as lower toxicities than
Taxol® and Taxotere® with significantly improved outcomes
in efficacy. The patent also showed that these nanoparticles
are more effective for the treatment of breast cancer, compared
to monotherapies with non-nanoparticle formulations or com-
bination chemotherapy. This efficacy was dependent on the
hormone receptor status of the breast cancer [154]. Currently,
efforts in nanodelivery systems have a potential role in the
cancer treatment, and their complexity also provides huge
grounds for patentability [139].

Market opportunities

The application of nanotechnology in healthcare represents
an important advancement for the efficacy of old and new
drugs, particularly anticancer drugs in order to get to market;
all new drugs must receive approval from regulatory agen-
cies, being FDA in the USA and the European Agency for
the Evaluation of Medicinal products in Europe. Recently,
FDA published its guidelines for an acceptable nanotech-
nology product application, which must demonstrate all
features of safety, quality, characterization, and environmen-
tal impact [94].

In 2012, it is projected that about $4.8 billion will be
earned with nanotechnology modifications of drug delivery
systems, which would be a total market share of 5.2 % of
nanotechnology field. If the current rate of development
continues, this market share could increase to 7 % in 2015
and 10 % in 2020 [155]. Interestingly, no single product is
dominant, as a large combination of therapies is used in
cancer treatment [133]. As expected, North America
remains the largest market for healthcare nanotechnology
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applications, reaching revenues of nearly $4 billion in 2008.
Europe is considered to be the second largest market for
healthcare nanotechnology applications, wherein France,
Germany, and the UK are the countries with the largest
markets. Brazil, Russia, India, and China known as BRICS,
are increasing their focus and rate of investment in the
exploitation of health care nanotechnology [133].

Application of nanotechnology in health care often
requires the development of partnerships with experts out-
side the original company. It is recommended that this
partnership begins at the earliest stage of the drug develop-
ment process and that the management of intellectual prop-
erty ownerships must be carefully considered throughout.
According to Merchant [133], these collaborations and li-
censing agreements have been an important way to develop
drug formulations and controlled drug delivery systems
based on nanotechnology. In particular, agreements with
universities have been important for nanoproduct develop-
ment and patent filing. Universities and governmental re-
search institutions also hold several patents, and it has
become very common during the course of negotiation to
transfer some of the technology to companies for commer-
cialization [133].

Summary and future directions

This review discloses about different strategies to target
tumors using nanodelivery systems based on biodegradable
polymers, aspects of intellectual property, and market. The
discussion considers technical aspects of functionalization,
targeting, in vitro application, and the various phases of
preclinical and clinical drug development. We also reviewed
works in which not all challenges have yet been overcome,
but the results show clearly the advantages and promising
ability of nanodelivery systems in cancer treatment.

The application of nanotechnology for the development
of drug nanodelivery systems has proven to be an important
way to obtain novel methods, higher safety, and efficacy
than conventional treatments for cancer. The use of nano-
delivery systems based on biodegradable aliphatic polyest-
ers for cellular targeting in cancer therapy is promising to
minimize the toxic side effects of drugs and to improve the
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selectivity for diseased cells. The therapeutic advantages of
employing polymeric systems are intrinsically linked to the
tiny size of the devices that allow penetration into solids
tumors and the possibility of surface modification for drug
active targeting. The versatility of these nanodevices is related
to different ligands that can be conjugated to their surface,
through either chemical reactions or adsorptive processes,
which then target the drug to various types of cancer cells.

Furthermore, it should be noted that drug nanodelivery
systems will continue to play a vital role in drug discovery
and development and that the management of the intellec-
tual property rights will have a huge impact on the future of
drug delivery science.
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