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Abstract. The prototype taxane antineoplastic agent paclitaxel, was first isolated from the bark

of the Western yew tree in 1971. It and its congener, the semisynthetic derivative docetaxel,
display unique pharmacodynamics as mitotic spindle poisons, differing from the vinca alkaloids
and colchicine derivatives in that they bind to a distinct site on β-tubulin and promote rather than
inhibit microtubule self-assembly. These drugs are essential for the contemporary chemotherapy
of breast cancer and a variety of other solid malignancies such as ovarian, lung, esophageal, bladder, and head and neck cancers. Both drugs however suffer from unfavorable pharmaceutical
peculiarities, necessitating their dissolution in surfactant containing vehicles prior to infusion,
which in turn lead to hypersensitivity reactions. These problems have fuelled much research interest towards the design and development of nano-sized, targeted drug delivery platforms based
on nanoparticles, liposomes and so on. These advanced nanopharmaceutical carriers for targeted
delivery of taxanes are briefly outlined in the presented review.
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Introduction

The prototype taxane antineoplastic agent paclitaxel is a diterpenoid alkaloid with complex structure, comprising an 8-membered taxane ring as its
core scaffold [1]. The side chain tethered to C13 position of the taxane ring has been well appreciated as
critical for its antineoplastic activity [2, 3]. Eventual
alteration of the side chain has led to identification of
the more potent analog, docetaxel, which generally
shares the spectrum of clinical antineoplastic activity of paclitaxel, but has distinct toxicity profile [1].
While originally purified as the parent molecule from
the bark of the Pacific yew (Taxus brevifolia), paclitaxel now can be feasibly obtained for commercial
purposes by a straightforward semisynthetic route
starting from 10-desacetylbaccatin, a precursor found
in the leaves from the cosmopolite species Taxus baccata [1, 3].
Taxanes are mitotic spindle poisons with unique
mode of antineoplastic activity. They bind explicitly
to the β-tubulin subunit of microtubules and hamper
the disassembly of the latter. This ultimately leads to

mitotic arrest and induction of programmed cell
death through apoptosis [1-3].
Albeit the clinical success of paclitaxel has attracted much attention this drug has very limited aqueous
solubility and its conventional dosage form (Taxol®)
must be administered in a vehicle of 50% ethanol and
50% Cremophore EL™ (polyethoxylated castor oil,
a non-ionogenic surfactant), a formulation likely accountable for the high rate of hypersensitivity reactions, associated with paclitaxel use and necessitating
mandatory premedication with corticosteroids and
antihistamines [1-3].
The other taxane derivative in widespread clinical
use docetaxel (Taxotere®), which is rather more soluble, is administered using an alternative vehicle based
on polysorbate 80, the latter associated with quite
lower incidence of hypersensitivity reactions [1].
In order to alleviate the toxicity of the formulation
components and to improve the pharmacokinetics of
the parent compounds a variety of new taxanes have
been developed and subset to clinical evaluation [3].
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Detailed description of these drug design strategies
however is beyond the scope of the presented review.

Fig. 1. Chemical structure of the taxane antineoplastic
agents
Paclitaxel is administered as an intravenous infusion. It drug undergoes extensive hepatic biotransformation (principally via CYP2C8 with a contribution
of CYP3A4), and less than 10% of a dose is excreted
renally in unchanged form. The principle metabolite
is 6-OH paclitaxel, which is pharmacologically inactive, but numerous additional hydroxylation products
have been identified in plasma as well [1]. The clearance of the drug is nonlinear and has been found to
decrease with escalating dose intensity or infusion
rate, which presumably is related to its dissolution in
the commercially available non-aqueous
vehicle [1, 2].
The pharmacokinetic behavior of docetaxel appears to be analogous to those of paclitaxel. Its
elimination half-life is roughly 12 hours. The drug
is cleared hepatically principally via CYP3A4- and
CYP3A5-mediated hydroxylation to pharmacologically inert biotransformation products. Contrary to
paclitaxel, the pharmacokinetics or docetaxel appears
to be linear up to doses of 115 mg/m2 [1].
The taxane anticancer agents have become essen-
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tial components of chemotherapeutic regimens for
the management of solid tumors such as metastatic
ovarian, breast, lung, and head and neck carcinomas
[1-3]. Moreover, docetaxel has noteworthy activity in
combinations with estramustine for the chemotherapy of hormone-refractory prostate cancer [1]. In current regimens, either drug is administered once weekly or once every 3 weeks, with comparable response
rates and somewhat different patterns of toxicity.
Docetaxel produces greater leukopenia and peripheral edema, while paclitaxel causes a higher incidence
of hypersensitivity, muscle aching, and neuropathy
(particularly when used in combination with a platinum analog) [1, 2, 4].
The hallmark toxicity of paclitaxel is myelosuppression. Neutropenia arises usually within 10 days
after dosing and thereafter promptly reverses by days
15 to 21. If the drug is used in combination G-CSF,
high dose regimens of up to 250 mg/m2 over 24 hours
are well tolerated, and peripheral neuropathy become
dose limiting. Many individuals develop myalgias
for several days after paclitaxel application. In highdose regimens, or with protracted use, sensory neuropathy can be troublesome, particularly in patients
with coinciding neuropathy or concurrent treatment
with neurotoxic drugs, e.g. platinum compounds. Hypersensitivity reactions are frequent event in patients
treated with short duration paclitaxel infusions (up to
6 hours), but are effectively avoided by antihistamine
and corticosteroids premedication. The latter obligatory, however with 96-hour infusions [1].
Docetaxel appears to cause more disabling, but
short-lived, neutropenia as compared to paclitaxel. It
is associated with milder peripheral neuropathy and
asthenia, and due to the lack of Cremophore EL™ in
the vehicle is less prone to induce hypersensitivity reactions. Fluid retention is a cumulative toxicity, arising with multiple cycles of chemotherapy. It progresses to peripheral edema, pleural and peritoneal fluid
retention, and in extreme occasions to pulmonary
edema. Oral dexamethasone, 8 mg/day, commenced
1 day before docetaxel infusion and continued over
3 days, has been well documented to alleviate fluid
retention reactions. In rare occasions cases, docetaxel
may cause a dramatic progressive interstitial pneumonitis, necessitating treatment cessation [1].
While taxanes are unambiguously essential components of the state-of-the-art antineoplastic drug
armamentarium the aforementioned side effects and
unfavorable pharmaceutical peculiarities are an important impediment hindering the realization of their
complete therapeutic potential. These issues have
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fuelled much research interest towards the design
and development of nano-sized, targeted drug delivery platforms based on albumin-nanoparticles, liposomes, polymeric micelles, dendrimers, and so on.
These advanced nanopharmaceutical carriers for targeted delivery of taxanes are briefly outlined in the
presented review.
I. Albumin-bound-nanoparticulate paclitaxel (Abraxane™)
Tumors have adapted multiple mechanisms to
address their increased demand for nutrients. One of
these is the gp60 dependent pathway, by which nutrients are preferentially transported across the endothelial barrier when attached to albumin [5-9]. Tumor
cells also secrete a specialized protein called SPARC
(Secreted Protein Acidic and Rich in Cysteine) into
the tumor’s interstitium [10, 11]. The SPARC protein
acts as a highly charged receptor to distinctively attract and bind albumin and albumin-bound nutrients
to eventually capture and concentrate them within
the tumor’s interstitium [7, 11]. On the basis of these
mechanisms, nanoparticle albumin-bound technology
has been developed to attain selective tumor targeting
of albumin-immobilized antineoplastic agents [12].
An exemplary nanoparticulate drug delivery system
has been developed on the basis of albumin-bound
nanoparticulate (d=130 nm) paclitaxel (Abraxane™),
which has been commercialized for the treatment of
metastatic breast cancer. By virtue of the excellent
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either a single phospholipid bilayer or alternating
tightly packed aqueous compartment and lipid bilayers, which enclose a central aqueous reservoir.
Liposomes are characterized by excellent biocompatibility, biodegradability, non-immunogenicity and
generally low toxicological and safety pharmacological potential [20-23]. Due to the abundance of lipid
and aqueous compartments liposomes are capable of
accommodating both polar and non-polar compounds
based on their solubility and partitioning characteristics [24, 25]. Lipophilic agents such as taxanes are
typically encapsulated within the lipid bilayer of liposomal membranes. Over the last three decades
the liposomes platforms have evolved from plain or
conventional liposomes to long circulating “stealth”
liposomes and ultimately to targeted and stimuli-responsive liposomes [26]. Moreover, the possibilities
for complex surface modification, conjugation of permeation enhancing or homing moieties, incorporation of pH-responsive components etc. condition the
possibilities for designing sophisticated drug delivery
platforms with hybrid tumor- targeted and triggerable
release properties [27].
Exemplary conventional liposomal formulations
of paclitaxel agents that are currently in clinical development with the respective indications are summarized in Table 1.
Long circulating (Stealth™) liposome strategy is
based on the process of steric stabilization, i.e. creating a repulsive polar coating around vesicles by

Table 1. Conventional liposomal formulations of anticancer drugs in clinical trials.

Product Name
LEP-ETU
EndoTAG-1

Lipid composition
Indications
Plain liposomes; DOPC, CHOL, cardiolipin Ovarian, breast and lung cancers [28]
(90:5:5)
Plain cationic liposomes DOTAP, DOPC and Anti-angiogenic properties, breast cancer
paclitaxel (50:47:3)
(Phase II) [29-31]

biocompatibility of albumin and the eliminiation of
the solubilizing agents Abraxane™ is characterized
by a superior safety profile, as compared to the conventional formulation of paclitaxel while preserving
the clinical efficacy of the drug [3, 13-19]. Abraxane™ has been demonstrated to be superior to an
equitoxic dose of conventional paclitaxel with a significantly lower incidence of toxicities in a large, international, randomized phase III trial [13].
II. Plain, coated and targeted liposomal carriers
for taxanes
Liposomes are spherical vesicles comprising

grafting liposomal membranes with lipid-anchored
hydrophilic polymers, most often poly-ethylene glycol [32]. As a proof of the principle pegylated liposomes are characterized by significantly increased
plasma half-lives [33]. The feasibility of the stealth
liposome concept for attaining optimized tumor-site
bioavailability and its comprehensive experimental
and clinical justification have fuelled immense and
enduring efforts for elaboration of pegylated-liposomal platforms for taxanes [34-36].
The Stealth™ liposome could be further advanced
to site-specific targeted liposomes, which are decorated with different types of homing moieties to in-
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crease the rate of liposomal drug accumulation in the
ultimately targeted tissues/cells via interactions with
cancer cell receptors/antigens [21, 37, 38] or tumor
vasculature-specific epitopes [35, 39-42]
Targeted stealth liposomes most are most often
based on pendant-type folate (FA) ligands conjugated
to the distal ends of PEG-chains. This functionalization allows both significant tumor accumulation, due
to the overexpression of folate receptors (FR) in tumor
cells and increased cellular uptake via FR-mediated
endocytosis. In an exemplary report Zhai et al. have
presented a FA-targeted stealth liposomal formulation
of docetaxel. The lipid composition comprised egg
phosphatidylcholine, cholesterol, DSPE-PEG2000, folate-PEG3350-cholesteryl hemisuccinate (folate-PEGCHEMS) at molar ratios of 80:15:4.5:0.5. The lipophilic Docetaxel was incorporated into the lipid bilayer at a drug-to-lipid ratio of 1:20 (wt/wt). FR-targeted
liposomes of the same lipid composition loaded with
the fluorescent probe calcein exhibited prominent uptake by FR(+)oral squamous cell carcinoma derived
cell line KB. The cytotoxicity assessment in the same
cell line showed that the targeted docetaxel-loaded liposomes exerted 4.4-fold greater cytotoxicity relative
to non-targeted liposomes. A comparative pharmacokinetic study revealed that both liposomal formulations showed significantly prolonged half-lives (4.92
h for FR-targeted and 6.75 h for non-targeted) than
the commercially available docetaxel formulation
(Tween 80/ethanol solution) (1.09 h) [43].
Another targeted platform for docetaxel has been
presented by Yuan et al. based on cholesterol-PEG-folate as surface modifying and targeting moiety. These
docetaxel-loaded, folate-conjugated PEG-liposomes
showed superior cytotoxicity against MCF-7 breast
cancer derived cells as compared to an analogous
non-targeted formulation. The pharmacokinetics of
the docetaxel loaded folate-conjugated PEG-liposomes in rats showed a prominent, near 7-fold prolongation of T1/2, relative to the free drug. Moreover,
the targeted formulation significantly lowered the
docetaxel exposure in the heart, brain and kidneys,
which is a prerequisite for amelioration of the side
effects of the taxane drug [44].
Another docetaxel delivery system was developed using folate-poly(PEG-cyanoacrylate-co-cholesteryl cyanoacrylate) (FA-PEG-PCHL) as a
novel hybrid steric stabilizing and targeting moiety. The docetaxel-loaded liposomes modified by
FA-PEG-PCHL were prepared by an organic solvent injection method and lyophilized to obtain
freeze-dried FA-PEG-PCHL-docetaxel liposomes
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(FA-PDCT-L). Compared with docetaxel solution
and docetaxel-loaded non-targeted liposomes, FAPDCT-L demonstrated the strongest cytotoxicity
against MCF-7 and A-549 cancer cell lines, the greatest intracellular uptake especially in the nucleus, as
well as the most powerful apoptogenic efficacy. An
in vivo pharmacokinetic study showed that the AUC
of FA-PDCT-L was increased 3.8 and 6.2 times relative to docetaxel-loaded non-targeted liposomes and
free docetaxel, respectively. This was concomitant
with lowest concentration of FA-PDCT-L in the MPS
organs liver and spleen, and a significantly higher
intratumoral levels indicative for excellent targeting
capacity of the presented nanopharmaceutical [45].
An extensively explored approach for targeting
solid tumors is based on liposome modification with
RGD-peptide (arginine-glycine-aspartic acid) or similar ligands selectively binding the αvβ3-integrin receptors overexpressed in some tumor cells and in tumor vasculature, or with similar angiotropic homing
moieties [35, 39, 42, 46, 47]. Zhao et al. evaluated
a RGD-modified sterically stabilized liposomal formulation of paclitaxel (RGD-SSL-PTX) as a tumor
targeted platform. In vitro bioassays using SKOV-3
ovarian cancer cell lines showed that RGD-SSL-PTX
exhibited significant cytotoxicity (3.5 times lower
IC50) and ca. 6 fold higher intracellular accumulation
vs. a non-targeted stealth formulation of the drug.
RGD-SSL-PTX showed also superior tumor growth
inhibition in BALB/c nude mice xenografted with
SKOV-3 solid tumor, concomitant with no significant
alterations of the body weight of the animals [39].
In another recent report RGD grafted docetaxel
loaded liposomes (RGD-PEG-LP-DC) were prepared
and subjected to thorough pharmacological and pharmacokinetic studies as drug delivery platform in breast
cancer. The RGD-PEG-LP-DCs exhibited significant
cytotoxicity against BT-20 and MDA-MB-231 cell
lines. As evidenced by a flow-cytometric study the 48
h treatment with RGD-PEG-LP-DC induced almost
complete G2 phase arrest of the cycling population at
low nanomolar concentration. Interestingly the cell
death mechanism proved to be greatly dependent on
exposure conditions – necrosis was the predominant
at low concentration (1 nM docetaxel), whereas with
increasing incubation time and concentration the relative contribution of apoptotic cell death was amplified. Biodistribution studies further demonstrated the
targeting potential of RGD-PEG-LP-DC which displayed improvement in site specific drug distribution,
T1/2, and mean residence time (MRT) [35].
Protein transduction domains (PTD) are protein
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domains with potent ability to mediate traversing cellular membranes. HIV-derived TAT-peptides are cell
penetrating PTDs which have been widely exploited
in the drug delivery field for their capacity to impart
cell penetrating properties when attached to the steric
stabilizing-coating of liposomes [48]. Thus in a recent study Zhao et al. have presented a sophisticated
dually targeted system based on folic acid and TAT
peptide conjugated on the octadecyl-quaternized, lysine-modified chitosan-cholesterol polymeric liposomes (FA-TATp-PLs) and studied its feasibility as
drug delivery platform for paclitaxel. Confocal laser
scanning microscopy in folate receptor (FR)-positive KB nasopharyngeal epidermal carcinoma cells
and FR-deficient A549 lung cancer cells showed that
FA-TATp-PLs had a significantly high efficient intracellular uptake in both KB and A549 cells, superior
to either non-targeted liposomes or mono-TAT and
FR-targeted ones. Moreover, paclitaxel-loaded FATATp-PLs exhibited superior cytotoxicity in vitro
and tumor-inhibiting properties in vivo as compared
to the commercially available preparation of the drug
(Taxol®). These data revealed the synergistic targeting effects of combined folate / TAT peptide decoration [49].
III. Polymeric micelles as drug carriers for taxanes
Polymeric micelles comprise biodegradable spherical or nearly spherical nano-carriers with a usual size
range of 10–200 nm. They are formed by the spontaneous self-assembly of block copolymers, consisting
of two or more polymer domains with dissimilar polarity. As with surfactant based systems such copolymers spontaneously self-assemble yielding core-shell
structures in an aqueous dispersion to minimize the
free energy of the disperse system. The hydrophobic
segments form the hydrophobic inner core, whereas,
the polar domains (e.g. PEG) build up the outer hydrophilic corona-like shell, which by providing solvated hydrophilic repulsive barrier around the micelle
imparts steric stabilization in analogy to the stealth
liposomes. Drug loading could be via co-valent linking to the micelles [50, 51] or by intermolecular interactions with the carrier [52].
Based on their morphological, physicochemical
and biopharmaceutical characteristics micelles are
regarded as advantageous drug carriers and are subject to intensive research in the field of anticancer
drug delivery [50, 53-56], as extensively reviewed by
Deng et al. [52]. Their hydrophobic domains could
be loaded with lipophilic drugs which are entrapped
in the inner compartments of the particle with high
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loading efficiency. This is especially advantageous
because the diphillic nature of micelles conditions
their efficiency as solubilizing agents, eliminating the
necessity of co-solvent or surfactants as formulation
aids in case of poorly soluble anticancer drugs, such
as the taxanes [57]. This is of special interest having
in consideration the toxicological risks these excipients pose e.g. the well established propensity of Cremophor EL (non-ionic surfactant used as an excipient
in the commercially available paclitaxel formulation
Taxol®) to induce severe hypersensitivity reactions
necessitating aggressive pretreatment regimens with
corticosteroids and antihistamines [1]. The elimination of adjuvants when the drug is physically loaded
in micellar formulations is expected to conversely
minimize the associated risks for local irritation or
systemic anaphylactic reactions. Noteworthy, the polar shell domain not only imparts a steric hindrance
barrier, leading to increase plasma stability and circulation half-times, but also provides physical space and
functional groups suitable for drug loading or specific
micelle decoration with targeting ligands [58, 59].
Apart from physical loading drugs could be also
covalently immobilized to the micelle forming macromolecular prodrugs [50, 51]. An intriguing new
concept is based on constructing amphiphilic polymeric micelles whereby the hydrophobic portion
of the polymeric micelles is replaced by highly lipophilic drugs themselves, forming a new micellar
drug delivery system. By grafting hydrophobic drugs
of paclitaxel onto the surface of hydrophilic hyperbranched poly(ether-ester) (HPEE), we constructed an amphiphilic copolymer (HPEE-paclitaxel).
HPEE-paclitaxel could self-assemble into micellar
nanoparticles in aqueous solution with tunable drug
contents from 4.1 to 10.7%. Moreover, the hydrolysis
of HPEE- paclitaxel in serum resulted in the cumulative release of paclitaxel. In vivo evaluation indicated
that the dosage toleration of paclitaxel in mice had
been improved greatly and HPEE-paclitaxel micellar
nanoparticles could be used as an efficient prodrug
with satisfactory therapeutic effect [60] .
Additional advantage of polymeric micelles is
their ability for concurrent co-delivery of two or more
therapeutic agents, e.g. combination of anticancer
drugs, or of cytotoxic agent plus MDR-modulator etc.
For instance efficient micellar co-delivery has been
described for paclitaxel in synergistic combination
with therapeutic genes [61], VEGF-gene silencing
siRNA [62], TRAIL (TNF-related apoptosis inducing
ligand) [63], cyclosporin (as a MDR-reversal agent)
[55]; a more sophisticated system for simultaneous
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co-delivery of paclitaxel, 7-allylamino-17-demethoxygeldanamycin (17-AAG), and rapamycin has been
reported as well [64].
Besides the stabilization of micelles different
elaborate strategies for improved targeting and effective cytosolic delivery (e.g. surface decoration and
stimuli-responsiveness) have been employed [52, 58,
59, 65]. These are based on essentially the same principles already described for liposomal carriers and
hence will be subject to only topical description in
the light of recent findings.
Folate has been widely employed as a targeting
motif for effective tumor accumulation and intracellular delivery of micelle-loaded paclitaxel [57, 6674]. Other recently exploited targeting motifs for efficient targeting and cellular uptake of micelles loaded
with cytotoxic agents include transferrin [75], somatostatin and analogues [76-78], RGD-motifs and other tumor vasculature seeking homing ligands [79-82],
cancer-cell specific phage proteins [83], galactose for
efficient targeting to hepatoma cells [84], aptamers
targeting the prostate specific membrane antigene
(PSMA) [85-87], among others.
A vastly explored strategy for controlled destabilization and release of anticancer drugs from micelles
takes advantage of the lower pH inside tumors and in
endosomal compartments [52, 65, 88]. In order to impart pH-responsiveness to micelle-based nanopharmaceuticals, the drug is usually chemically immobilized to the polymer core or alternatively to the shell
domains of the micelle via an acid cleavable bonding
such as hydrazone linkage [51]. These polymer-drug
conjugates are referred to as a polymeric prodrug and
allow the cytotoxic agent to remain pharmacologically and toxicologically inert until cleavage from the
polymer carrier [51]. An exemplary recent exemplary pH-responsive system was developed on the basis
of 2-(omega-methoxy)PEGyl-1,3-dioxan-5-ylamine
onto
poly(N-(acryloyloxy)succinimide-co-butyl
methacrylate) graft co-polymer (mPEG-g-p(NAS-coBMA)). Pseudo in situ cross-linking of the mPEGg-p(NAS-co-BMA) was carried out by an acid-labile
diamine cross-linker bearing two symmetrical cyclic
orthoesters. The hydrolysis rate of the prepared CL
micelles proved to be much more rapid at mildly
acidic than physiological conditions. PTX was successfully loaded into the CL micelles and a controlled
and pH-dependent release behavior was observed.
The non-loaded micelles themselves proved to be
non-toxic and biocompatible [89]. Another pH-responsive system is based on polymers exhibiting
pH-dependent shift in swelling-shrinking behavior
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leading to slow release of PTX, without prompt disintegration of the carrier [90].
Thermoresponsive micelle-based drug delivery
systems have been presented in recent reports as
efficient triggerable carriers for paclitaxel [91, 92].
Reversibly SS-crosslinked micelles whose destabilization and drug release could be triggered by pharmacological intervention, i.e. concurrent administration
of the GSH precursor/ mimic N-acetylcysteine have
been developed and characterized as feasible drug
carrier for an on-demand delivery of paclitaxel [93].
IV. Dendrimers and multiarm-star-like polymers
as carriers for taxanes
Dendrimers comprise a class of globular, highly
branched, synthetic macromolecules with tunable
size and architecture [94-96]. They comprise multiple
layers with large number of chemically active surface
groups, also known as generations, which emanate
out of an initiator core, denoted as generation zero
(G0). Typically the size of dendrimer particles ranges
1–15 nm and these are characterized by significant
homogeneity in terms of size distribution and morphology [95]. Dendrimers have many attractive properties which make them advantageous drug carriers
as compared to both linear and hyperbranched polymer-based systems [95, 97, 98]. The unique highly
regular branching architecture and the multiple arms
of dendrimers provide a large multivalent backbone
whereby anticancer drugs, targeting moieties or solubilizing groups can be feasibly attached through covalent conjugation or electrostatic
adsorption [95, 99].
Kesharwani evaluated the comparative efficacy
and feasibility of folate-, dextran- and galactose as
targeting ligands for polypropylenimine (PPI) dendrimers loaded with paclitaxel. Based on MTT and
flow cytometric in vitro bioassays in HeLa and SiHa
cells the authors found that the targeting potential
among the tested homing moieties decreases in the
following order: folate, dextran and galactose, whereby the folate loaded paclitaxel was invariably far
more active as compared to the free drug [100].
Luo et al. have developed a well-defined and
biocompatible amphiphilic telodendrimer system
(PEG-b-dendritic oligo-cholic acid) which self-assembles into multifunctional micelles in aqueous
solution for efficient delivery of hydrophobic drugs
e.g. paclitaxel. A series of telodendrimers with variable length of PEG chain and number of cholic acid
in the dendritic blocks were synthesized. The sizes
of the micelles, with and without paclitaxel loading,
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could be tuned from 11.5 to 21 nm and from 15 to 141
nm, respectively. In vivo studies in xenograft models
demonstrated preferential tumor uptake of the smaller paclitaxel-loaded micelles (17-60 nm) whereas the
larger dendrimer-based micelles (150 nm) were distributed to the liver and lungs. The in vivo toxicity
profile and antitumor efficacy of the paclitaxel-loaded
micelles proved to be superior to those of the marketed paclitaxel formulation Taxol® [101].
The same group further advanced the aforementioned system to reversible disulfide cross-linked micelles (DCMs) that can be triggered to release drug
at the tumor site or inside cancer cells. The telodendrimer based DCMs were globular with a uniform
size of 28 nm, and were characterized by superior paclitaxel loading capacity of up to 35.5% (w/w, drug/
micelle). Cross-linking of the micelles within the core
reduced their apparent critical micelle concentration
and greatly enhanced their colloidal and biopharmaceutical stability in non-reductive physiological
conditions. The release of PTX from the DCMs was
significantly slower than that from non-cross-linked
micelles (NCMs), but proved to be gradually facilitated by increasing the concentration of reduced glutathione (GSH) to concentrations relevant to its actual
intracellular levels. The empty DCMs demonstrated
superior pharmacokinetic and safety profiles in nude
mice, when compared to NCMs. DCMs preferentially
accumulated at the tumor site in nude mice bearing
SKOV-3 ovarian cancer xenograft. Moreover, the
disulfide cross-linked micellar formulation of paclitaxel (paclitaxel-DCMs) was more efficacious than
both free drug and the non-cross-linked formulation
of paclitaxel at equivalent doses of the free drug in
the xenograft model. The antineoplastic effect of paclitaxel-DCMs could be further enhanced by triggering the release of paclitaxel on-demand by the administration of the clinically used reducing agent N-acetylcysteine, after paclitaxel-DCMs have attained the
tumor site [93].
A series of pegylated polyglycerol dendritic polymers proved to significantly increase the solubility of
paclitaxel in water (up to 10,000 fold) and thereafter
the drug release rate from the dendrimers was a function of the dendrimer generation [102].
The core–shell type star polymers bearing hyperbranched cores and multi-arm shell of linear polymers
bearing active end functionalities are an attractive
class of drug delivery systems [103, 104]. These new
macromolecules display an “unimolecular micelle”
behavior in aqueous medium, whereby the covalently
linked interior and shell domains remain stable inde-
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pendently of concentration, abundance of interactive
solutes and temperature [67, 105-109]. The structural
stability and multifunctionality of the stars conditions
the significant scope for their elaboration as drug
delivery systems, since they provide opportunities
for either chemical/ electrostatic immobilization, or
physical encapsulation of anticancer drugs [67, 109].
An elaborate hybrid therapeutic/diagnostic system
for folate targeted co-delivery of paclitaxel and a Gdbased NMR-contrast agent has been presented by Li et
al. The system was based on a fractionated fourth-generation hyperbranched polyester (Boltorn H40™)
core, with a hydrophobic poly-varepsilon-caprolactone (PCL) inner layer, and a polar co-polymer corona based on oligo(ethylene glycol) monomethyl ether
methacrylate (OEGMA) and 3-azidopropyl methacrylate (AzPMA). The prepared H40-PCL-b-P(OEGMA-co-AzPMA stars were terminally decorated by
click reaction with alkynyl-functionalized cancer
cell-targeting moieties, alkynyl-folate, and T1-type
MRI contrast agent alkynyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakisacetic acid-Gd, affording
H40-PCL-b-P(OEGMA-Gd-FA). In aqueous solution, the amphiphilic multiarm star block copolymer
proved to behave as well defined, structurally stable
unimolecular micelles. The H40-PCL-b-P(OEGMAGd-FA) stars were loaded with PTX (6.67 w/w%
loading content) and exhibited sustained release
of up to 80% of the loaded payload over ca. 120 h.
Moreover, in vivo MR imaging experiments in rats
revealed good accumulation of unimolecular micelles
within rat liver and kidney, prominent positive contrast enhancement, and relatively long duration of
blood circulation [67].
Conclusion and prospectus
Breast carcinoma represents the most common
type of neoplastic disease diagnosed in women.
Noteworthy, in the metastatic setting this malignancy is still incurable. The clinically applied taxanes
represent an essential class of antineoplastic agents,
which have proven to be central for the treatment of
advanced and early-stage breast cancer. Nevertheless the clinical success of taxanes has been limited
by their unfavorable pharmaceutical properties and
most importantly by their prominent hydrophobicicity. To surmount this poor water solubility, lipid- and
polymer based solvents have been used as a vehicle,
and new systemic formulations have been developed,
mostly for paclitaxel, which are Cremophor™-free
and increase the circulation time of the drug with a
concomitant avoidance of the surfactant-associated
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safety issues. The development and commercialization of new nanosized formulations with beneficial

safety profiles would allow clinicians to fully take advantage of the therapeutic potential of taxanes.
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