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Abstract

Paclitaxel (PTX) is one of the most successful drugs ever used in cancer chemotherapy, acting
against a variety of cancer types. Formulating PTX with Cremophor EL and ethanol (Taxol®)
realized its clinical potential, but the formulation falls short of expectations due to side effects such
as peripheral neuropathy, hypotension, and hypersensitivity. Abraxane®, the albumin bound PTX,
represents a superior replacement of Taxol® that mitigates the side effects associated with
Cremophor EL. While Abraxane® is now considered a gold standard in chemotherapy, its 21%
response rate leaves much room for further improvement. The quest for safer and more effective
cancer treatments has led to the development of a plethora of innovative PTX formulations, many
of which are currently undergoing clinical trials. In this context, we review recent development of
PTX drug delivery systems and analyze the design principles underpinning each delivery strategy.
We chose several representative examples to highlight the opportunities and challenges of
polymeric systems, lipid-based formulations, as well as prodrug strategies.

Graphic Abstract

Representative platform technologies for paclitaxel delivery currently under preclinical
development.
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1 Introduction

Paclitaxel (PTX) is a natural compound originally isolated from the Pacific Yew tree by Wall
and Wani from Research Triangle Institute in 1967,[1] and is the first taxane used in cancer
chemotherapy.[2] Albeit very effective in eradicating cancer cells, the purification of PTX
from the tree has been extremely inefficient. It was once estimated that the treatment of one
cancer patient would consume eight 100-year-old yew trees. The limitation in PTX resource
slowed down the research and clinical translation of PTX. Since the identification of the
PTX’s chemical structure in 1971,[1] much effort had been devoted to the total synthesis of
PTX. As a result, and the first total synthesis of the drug (overall yield is ca. 4-5%) was
achieved by Holton and Nicolaou in 1994.[3-5] However, the relatively low yield prevents
the industrial production of PTX through this synthetic approach. Currently, the semi-
synthetic method at industrial scale is a combination of the two routes, in which 10-
deacetylbaccatin (10-DAB), a relative abundant intermediate extracted from leaves of yew
trees, is synthetically converted into PTX. [6]

The key moieties of PTX are composed of four oxetane rings and an ester side chain (Figure
1). For instance, the C3” amide acyl group in the C13 chain is the active group on the
compound, while the hydroxyl group on C2” enhances its function,[7] both of which are
preserved when developing active derivatives of PTX such as docetaxel and cabazitaxel.
Further crystallographic study showed that PTX adopts a T-shaped structure when
interacting with its target S-tubulin, in a way similar to an extended loop in a-tubulin in a,5
tubulin dimer.[8] The binding of PTX to the S-tubulin located inside of the microtubules
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stabilizes and promotes polymerization of microtubules,[2] disrupting dynamics of
microtubules, which arrests the cells at G2/M phase [9, 10] and triggers apoptosis in
proliferating cancer cells.[11] Since cells at G2/M phase are most susceptible to radiation,
PTX is also used as a radio sensitizer.[9] With this unique mechanism of action, PTX has
shown great potential in inhibiting a broad spectrum of cancer cells of different origins,
including ovarian cancer, breast cancer, non-small-cell lung cancer, pancreatic cancer, brain
cancer and Kaposi’s sarcoma.[12] Unfortunately, the chemical structure of PTX providing
its superior and unique anti-tumor activity also leads to an extremely low water solubility.
As such, formulations to improve its water solubility and pharmacokinetics are imperative
for PTX’s clinical translation. Over the past two decades, a great diversity of PTX
formulations and delivery systems have been developed,[13, 14] among which Cremopor EL
solubilized PTX (Taxol®) and albumin stabilized PTX (Abraxane®) are currently in clinical
use.[9, 15] Both formulations demonstrated a concentration-dependent pharmacokinetic
profile. After intravenous injection, the original formation would dissociate rapidly, resulting
in nonspecific free drug distribution throughout the body. This may be accountable for their
dose-limiting toxicities. In light of PTX’s superior anti-tumor activity and the unmet needs
in cancer chemotherapy, a variety of drug delivery platform technologies have been
harnessed to deliver PTX, aiming to achieve more effective cancer chemotherapy. Targeted
delivery of PTX is under active development in both academia and industry. One recent
review by Allen and coworkers summarized the current industrial interest in the
development of PTX formulations that are intended to repeat the clinical successes of
Taxol® and Abraxane®. [16] In this review, we focus our discussion on the preclinical
development of a number representative PTX delivery systems.

2 PTX Formulations in Clinic

2.1. Taxol®

Taxol® and Abraxane® are the only two PTX-based chemotherapies currently approved by
the Food and Drug Administration (FDA) in the United States. Both formulations are
intended for intravenous administration but with different formulating agents. PTX is
stabilized In Taxol® by the mixture of Cremophor EL and dehydrated ethanol (49.7%, v/v),
in contrast to the use of albumin in Abraxane®.[17] In China, liposomal PTX (Lipusu®) has
been approved for clinical use.[18, 19]

Taxol®, marketed by Bristol-Myers-Squibb in 1992, is the first approved formulation of
PTX. Each milliliter of the Taxol® formulation contains 6 mg of PTX solubilized by 527 mg
Cremophor EL (polyoxyethylated castor oil) and ethanol (49.7%, v/v).[9] Taxol® is typically
administrated through 3- or 24-h infusion after dilution with a balanced fluid. The typical
pharmacokinetic parameters of Taxol® dosed at 175 mg/m? after 3 h intravenous fusion are
shown in Table 1. As of today, it has been approved to treat primary and metastatic breast
cancer, ovarian cancer, non-small cell lung cancer, and AIDS-related Kaposi’s sarcoma. [20]

One major shortcoming in the clinical application of Taxol® is its non-linear
pharmacokinetics and hypersensitivity, in addition to the nephrotoxicity and neurotoxicity
induced by PTX.[9] For instance, when 135 or 175 mg/m? of Taxol® was administrated
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through 3 h infusion, 30% increase in the dosage can actually lead to an increase of 68% in
Cmax and 89% in AUCy_co. In way to alleviate severe hypersensitivity reactions, patients
treated with Taxol® should be premeditated with corticosteroids, diphenhydramine and H2
antagonists. These issues are believed to be rooted in the use of Cremophor EL: 1)
Cremophor EL forms micelles in blood at high concentrations, and traps PTX in the
hydrophaobic core, resulting in the non-proportional increase of AUCy_c,[21] and 2)
Cremophor EL can elicit complement system activation and release of histamine at high
dosages.[22, 23] To minimize the Cremophor EL-rooted side effects, prolonged infusion is
often necessary. These limitations had motivated researchers and manufacturers to seek
Cremophor EL-free formulations of PTX.

2.2. Abraxane®

Abraxane® was developed by Abraxis BioScience (later obtained by Celgene) and is the
second PTX formulation used in clinic. Abraxane® received approval by FDA in 2005
initially for the treatment of metastatic breast cancer, and then for locally advanced or
metastatic non-small cell lung cancer, and metastatic adenocarcinoma of the pancreas.[24] In
Abraxane®, PTX is formulated with human serum albumin (HAS).[25] HAS is the most
abundant plasma protein in the human blood with a half-life of ~19 days. It can reversibly
bind hydrophobic chemical substances, transport them in the body and release them at cell
surface. [26] In addition, HAS plays several important biological roles in cellular uptake and
transcytosis through binding with gp60, and in binding with secreted protein acidic and rich
in cysteine (SPARC) that are known to be highly expressed in malignant cells and stromal
cells associated with neoplasia. However, it remains elusive how much the biological roles
of HAS actually contribute to the improved response rates of Abraxane®. One indisputable
fact is that the removal of Cremphor EL permits a higher dose of PTX to be administrated
with comparable toxicities. In comparison with Taxol®, the maximum tolerated dose of
Abraxane® can be increased to 300 mg/m?, and also allowing for a much shortened
administration time (30 min for Abraxane® versus 3 or 24 hr for Taxol®).[11] In addition,
the results from Abraxis BioSciences suggested that Abraxane® has a predictable, linear
pharmacokinetic profile, and increases intratumor PTX concentration by 33% when
compared to equal dose injection of Taxol®. Removing Cremophor EL also eliminates
solvent-related hypersensitivity reactions, as well as the medical needs for premedication
and special 1V tubing for administrating Taxol®. More importantly, Abraxane® showed
improved pharmacokinetic profiles (Table 1), improved tolerance, and an increase in overall
response rate (ORR). The Phase Il clinical trial of Abraxane® directly compared its
antitumour activity and tolerability to those of Taxol® in women with measurable metastatic
breast cancer. [27] In this designed trial, patients received 3-week cycles of either
Abraxane® 260 mg/m? i.v. over 30 min or Taxol® 175 mg/m? i.v. over 3 h. The ORR for
Abraxane® was almost twice that of Taxol®. Despite the 49% higher PTX dose in the
Abraxane® group, the incidence of Grade 4 neutropenia was significantly lower with
Abraxane®.

2.3. Other Approved Formulations

Lipusu® developed by Luye Pharmaceutical Co. Ltd. represents the first PTX liposome
injection that came onto the China clinical market in 2003. The formulations are composed
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of PTX, lecithin and cholesterol, and have been approved to treat ovarian cancer, breast
cancer and non-small cell lung cancer. Compared to Taxol®, Lipusu® showed comparable
activities against breast, gastric cancer and non-small cell lung cancers, but with
significantly lower side effects. [28, 29] Hence, Lipusu® could be a useful alternative to
Abraxane®. Genexol-PM® is a poly(ethylene glycol)-4-poly(lactic acid) (PEG-4-PLA)
block copolymers based formulation of PTX commercialized by Samyang Corporation in
2007. It has been approved in South Korea for the treatment of breast, ovarian and non-small
cell lung cancers. Clinical tests revealed that Genexol-PM has dose-dependent
pharmacokinetics and is well tolerated by the patients, in particular for those with metastatic
breast or advanced pancreatic cancer[30-33].

3 Lipid-Based Nanoparticles

Lipid-based drug-delivery systems have evolved from micro- to nano-scale. Because of their
long history being used as drug delivery materials, many lipid-based formulations have been
explored for PTX delivery. Liposomal formulations and solid-core nanoparticles are the two
most widely utilized lipid-based nanoparticles (Figure 2A), and could be further modified to
improve their therapeutic outcomes through the production of long-circulating, tissue-
targeted and/or pH-sensitive nanoparticles. More recently, solid lipid nanoparticles have also
been engineered to reduce toxicity toward mammalian cells.

3.1. Liposomes

Liposomes are spherical vesicles with a membrane composed of single or multiple
concentric phospholipid bilayers, capable of encapsulating hydrophilic drug in their aqueous
core and lipophilic drugs within the bilayer membrane. Liposomal anticancer drugs (such as
Doxil® and Dauoxome®) were the first nano-based formulations approved for cancer
therapy by the FDA.[34] Liposomes are chosen as carriers for PTX because they can
increase solubility and modify pharmacokinetics of PTX to improve its efficacy and also
because the excipients are clinically approved. The first PTX liposome injection, Lipusu®,
has been put into clinical practice in China for treatment of breast cancer, non-small-cell
lung cancer and other malignant tumors.[10] It retained the growth-inhibitory activity of the
free drug while significantly reducing the side effects. Another PTX-loaded liposome
delivery system, LEP-ETU, was composed of 1,2-Dioleoyl-snglycero-3-phosphocholine
(DOPC), cholesterol and cardiolipinin of a 90:5:5 molar ratio.[35] Compared with Taxol®,
the plasma pharmacokinetics of LEP-ETU was not much different, but LEP-ETU can be
administered rather safely at higher doses, as evidenced by a Phase | study.[36]

The major problems associated with liposomes are their limited long-term stability.
Although liposomes can be used to deliver cytotoxic compounds to selected tissues, they can
be rapidly cleared by the mononuclear phagocytic system in liver and spleen, unless special
modifications, such as PEGylation, are made to the phospholipid surface.[37] PEGylation
can increase the average time of liposome circulation within the bloodstream by 10-fold.[38]
This could lead to improvement of the half-life and therapeutic outcomes of PTX. Ceruti et
al. compared conventional liposome formulations of PTX with the stealth-long circulating
liposomes. The PEGylated liposomes demonstrated longer elimination half-life of nearly 50
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hr, in contrast to the <10 hr half-life of conventional liposomes.[37] Similar results were
observed by Yoshizawa and co-workers when comparing their PEGylated liposomes with
conventional ones, resulting in higher intratumoral PTX accumulation and improved
antitumor efficacy in colon-26 solid tumor-bearing mice.[39] However, some recent studies
indicated that as a result of frequent use of PEG in cosmetics products or multi-dosing of
PEGylated therapeutics, some PEGylated liposomes may also been rapidly cleared from
blood upon repeated administration.[40] This ‘accelerated blood clearance’ phenomenon
was cause by the formation of PEG-specific IgM antibody as a result of repeated dosing,
causing the elimination of subsequent doses of PEGylated agents from the circulation.[41]
Therefore, the immune response to PEGylated liposomes may also adversely affect their
pharmacokinetic and biodistribution profiles.

In theory, the efficacy of PEGylated liposomes could be further enhanced via active targeting
strategies.[42, 43] PTX liposomal targeting can be achieved by covalently attaching tissue-
specific antibodies,[44] proteins,[45] or peptides[46] to liposome surfaces. One interesting
targeting strategy is the incorporation of multifunctional RRRRRRRR-c(RGDfK) (R8-RGD)
peptide, which has been applied to the surface of PTX loaded liposomes.[43] Covalently
incorporating R8-RGD onto liposomes resulted in increased cellular uptake by 2-fold or
nearly 30-fold compared to R8 or RGD decorated ones, respectively. The resultant
liposomes displayed effective penetration of three-dimensional glioma spheroids and BBB
model /n vitro. As a result, the PTX-loaded R8-RGD modified liposomes (PTX-R8-RGD-
lipo) induced the strongest inhibition and apoptosis of C6 cells, and achieved the longest
survival in intracranial C6 glioma bearing mice. Aside from cancer cell targeting, subcellular
organelle targeting can also improve the efficacy of PTX. For example, Torchilin and
coworkers incorporated triphenylphosphonium (TPP) into their liposomes and developed a
novel mitochondria targeting polyethylene glycol-phosphatidylethanolamine liposome (TPP-
PEG-L) for PTX delivery.[42] This TPP-PEG-L demonstrated efficient mitochondrial
targeting in cancer cells, as shown by confocal microscopy in co-localization experiments
with stained mitochondria (Figure 3). More importantly, PTX-loaded TPP-PEG-L
demonstrated enhanced PTX-induced cytotoxicity and anti-tumor efficacy /n vitroand in
vivo, compared to plain liposomes (PL). These results suggested that targeting moiety
decoration can improve the tumor inhibition activity of PEGylated liposome. It should be
noted, however, that although the efficiency of targeting could improve cellular uptake,
additional modifications may be required to ensure the effective release of the drug within
the cytoplasm.

Liposomal formulations can be degraded by lysozymes within the cellular matrix before the
release of the liposome’s therapeutic contents to the cytoplasm [47]. In order to increase the
probability that a drug is released into the cytoplasm prior to its degradation, the formulation
should be quickly destabilized after endocytosis [48]. This can be achieved by incorporating
into liposomes a pH-sensitive lipid, which destabilizes the liposomes at the endosomal pH
(pH <6), and induces the release of entrapped drugs in cytosol.[49, 50] For example, Chen et
al. prepared a PTX-loaded pH-sensitive liposomes using a hydrazone (Hz)-based pH-
sensitive methoxy(polyethylene glycol)-cholesterol (MPEG-Hz-Chol) conjugates.[51] The
mPEG2000-Hz-Chol modified pH-sensitive liposomes showed greater accumulative release
of PTX at pH 5.5 than that at 7.4. Notably, the delivery of PTX by pH-sensitive liposomes
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demonstrated more efficient tumor suppression in BALB/c mice when compared to
conventional liposomes.[52] Similar to PEGylated liposomes, pH-sensitive liposomes can
also be targeted to specific cells and tissues. For instance, the inclusion of a targeting cell-
penetrating peptides (CPPs) resulted in high pH-sensitive liposomes binding to B16F10
cells.[53] At a concentration of 20 pug/mL, the killing activity of PTX-loaded TR-Lip (PTX-
TR-Lip) against B16F10 cells was 1.80- and 1.15-time higher than that of PTX-loaded PEG-
liposomes and free PTX at pH 6.5, respectively. In B16F10 tumor-bearing mice, PTX-TR-
Lip showed higher survival rate. This study revealed the importance of combining different
strategies to produce multifunctional liposomal formulations.

3.2. Lipid Micelles

The component of lipid micelles are usually low-molecular-weight surfactants. Lipid
micelles have a core-shell structure with hydrophilic heads facing the outside aqueous
environment and lipophilic tails forming the inner core for drug encapsulation. They are
formed spontaneously within aqueous medium above a critical micelle concentration.[54]
The lipophilic region of the micelle efficiently encapsulates molecules of poor water
solubility, whilst protecting them from degradation by extracellular elements.[55] The
properties of lipid micelles are largely determined by the chemical structure of the lipid
compounds, which can be tailored through chemical modifications in both the hydrophobic
and hydrophilic regions. Similar to liposomes, modifications to the lipid’s hydrophilic region
include the addition of polymers and targeting ligands. The addition of PEGylated lipids to
the hydrophilic region resulted in long circulating time, due to the steric inhibition of protein
binding and decoration.[56]

Recently, a sterically stabilized phospholipid micelles (SSMs) composed of PEG(2000)-
grafted distearoyl phosphatidylethanolamine (PEG(2000)-DSPE) was developed as carriers
for PTX.[57] This long acyl chains of DSPE-PEG can create a large hydrophobic inner core
to entrap PTX. To further increase the hydrophobic space for PTX, another phospholipid,
egg phosphatidylcholine (ePC) was incorporated to form sterically stabilized mixed micelles
(SSMM).[58] The PTX-loaded SSM and SSMM possess mean particle sizes of 15+ 1 nm
and 13.1 + 1.1 nm, respectively. In these constructs, SSMM solubilized 1.5-times more PTX
than SSM at the same total lipid concentration. This is mainly due to the increased volume
of the hydrophobic region of the micelle by the inserted hydrophobic egg
phosphatidylcholine. Furthermore, Asn-Gly-Arg (NGR) peptide was covalently bonded to
the distal end of PEG chains to produce brain tumor targeted micelle [59]. This NGR
peptide-SSM micelle showed superior cellular uptake over passive targeting micelle in
murine brain microvascular endothelial cells via receptor-mediated endocytosis, resulting in
improved efficacy against C6 glioma both /in vitroand in vivo. Collectively, these results
suggest that the SSM or SSMM could serve as effective carriers for PTX delivery.

3.3. Solid Lipid Nanoparticles

A majority of the lipids used for the preparation of liposomes and lipid micelles are of low
phase transition temperature, which are in their liquid phase and would facilitate leakage of
PTX at body temperature. Solid Lipid Nanoparticles (SLNs) are primarily made up of solid
lipids, which can be highly purified triglycerides, complex glyceride mixtures or even
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waxes.[60] A large pool of solid lipids (mono-, di- and tri-glycerides, lipidacids,
phospholipids, wax, etc.) and surfactants are available for SLN engineering. Among these
excipients, some lipids (e.g., glycerides, phospholipids) and surfactants (e.g., Tween 80,
lecithin, Poloxamer188, sodium glycocholate) suitable for i.v. injection, which makes SLN a
versatile platform for drug delivery ready for clinical translation.[61] SLNs have several
advantages, including ease of preparation and scale-up with low cost, good physical stability,
controlled drug release, biocompatibility, low toxicity and versatile chemistry.

Choosing a lipid with high drug solubility and miscibility is a prerequisite for the
preparation of SLN with high PTX loading and slow drug release.[34, 62] More importantly,
PTX-loaded SLNs composed of different lipid materials may result in different cellular
uptake and cytotoxicity effect. Studies demonstrated that the cellular uptake of SLNs was
time- and concentration-dependent, and was associated with the lipid material melting point,
the length of the hydrocarbon chain, as well as the particle size. Yuan et al. evaluated the
cellular uptake of several SLNs composed of different lipid materials including monostearin,
stearic acid, glycerol tristearate and ATO888.[63] Cellular uptake studies were performed in
Ab549 cells, leading to internalization in the order of glycerol tristearate>monostearin>stearic
acid>ATO 888. This can be explained by differences in affinity between fatty acids and cell
membrane. Moreover, the PEGylated stearic acid SLN showed the highest cellular uptake
among the materials tested. PTX loaded in these SLNs showed 1.6- to 10-fold higher
cytotoxicity relative to free PTX. SLN was also used as drug formulations to overcome P-
gp-mediated multidrug resistance (MDR). PTX-loaded SLN exhibited 9-fold lower 1Csgg
values in NCI/ADR-RES cells (P-gp overexpressing human breast cancer cells) than those
of free PTX. The SLNs inhibited P-gp activity and transiently depleted ATP as demonstrated
from relative calcein acetoxymethyl ester and ATP assays. This might be related to the use
of P-gp regulating surfactant during the preparation of SLN. In addition, it is also believed
that the efficacy of SLNs against MDR cancer could be further improved by delivering P-gp
substrates.[64]

Similar to other nanoparticle design strategies, the long-circulation of SLNs can be achieved
by modifying the particle surface with some chemical moieties to evade reticuloendothelial
system (RES) clearance[34]. Chen et al. developed two types of long-circulating SLNs as
PTX carriers with Brij 78 as surfactant in one formulation (Brij78-SLN) and Poloxamer F68
and DSPE-PEG2000 in the other (F68-SLN).[65] The Brij78-SLN and F68-SLN were found
to extend the half-life of circulated PTX up to 10.06 and 4.88 h, respectively, compared to
1.36 h of Taxol®. The longer PEG chain of DSPE-PEG2000 (MW 2000) compared to Brij
78 (MW 1200) may be responsible for the extended circulation and higher AUC of F68-
SLN. In addition to long-circulation time, SLNs also have the ability to be targeted to
specific organs, tissues or cells through the addition of targeting ligands. For example, in a
folate receptor overexpressing A549 cell line, PTX-loaded SLNs modified with folic acid-
stearic acid enhanced the cellular uptake and cytotoxicity 2- and 8.8-fold compared to non-
targeted SLNSs, respectively. Pandey et al. designed SLNs using a lactoferrin (Lf) moiety to
target Lf receptors.[66] In ex vivo efficacy studies, the targeted SLNs demonstrated a
superior anticancer activity than that of plain SLNs and free PTX. These studies suggested
that targeted SLNs could be used as potential carrier for delivering PTX to tumor sites.
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4 Polymeric Nanoparticles

Many of the nanoparticle therapeutics in clinical and preclinical evaluations are polymeric
nanoparticles. Biodegradable polymeric nanoparticles are highly preferred partially because
they are shown to be biocompatible and demonstrate controlled/sustained release of
incorporated therapeutic agents,[67] and partially because they can provide large space for
the deposition and delivery of various molecules such as drugs, proteins, peptides, or nucleic
acids.[68] Compared with lipid materials, polymeric materials are superior for their diverse
functionality and robustness in construction. In this section, we discuss several types of
PTX-loaded polymeric nanoparticles, such as poly(lactic-co-glycolic acid) (PLGA),
poly(lactide) (PLA), poly(e-caprolactone) (PCL) and chitosan. In these polymeric
constructs, the anticancer drug PTX is either bound to surface of nanosphere or encapsulated
inside (Figure 2B).

4.1. Synthetic Polymer Nanoparticles

4.1.1 PLGA Nanoparticles—PLGA, a FDA approved polymer,[69] is one of the most
successful polymers used for the development of nanomedicines and related biomaterials,
because it can hydrolyze into lactic and glycolic acids in the body, the rate of which can be
tuned by varying the molecular weights and composition of the polymer. As a result, PLGA
showed minimal systemic toxicity, and the release rate of the encapsulated drug can be
precisely tailored. PTX-loaded PLGA nanoparticles have been mostly prepared by emulsion
solvent evaporation,[70] nanoprecipitation,[71] and interfacial deposition methods.[72] In
most cases, PTX was released from PLGA nanoparticles in a biphasic pattern with a fast
initial release during the first 1-3 days followed by a slow and continuous release. [70, 72] It
has also been demonstrated that incorporation of PTX in the PLGA nanoparticles strongly
enhances its anti-tumoral efficacy, as compared to Taxol®. [71, 73]

It is well known that the employed emulsifiers could have strong influence on the properties
of produced nanoparticles, such as morphology, size, drug entrapment efficiency, and release
behavior, so as to impact their cellular uptake, cytotoxicity, pharmacokinetics, and
eventually the therapeutic efficacy.[74] Win et al. conducted a full spectrum of research on
tocopheryl PEG succinate (TPGS) emulsified PLGA nanoparticles for PTX formulation to
improve its therapeutic index.[75] PTX-loaded, TPGS-emulsified PLGA nanoparticles had a
relatively uniform size of approximately 240 nm in diameter. The AUCy.4g for TPGS
emulsified PLGA nanoparticles formulation of PTX were found to be three times larger than
that of the Taxol®. PTX formulated in the TPGS-emulsified PLGA nanoparticles could also
result in a much longer half-life of the drug in the plasma. More importantly, both /n vitro
and /n vivo therapeutic effects of PTX formulated in the nanoparticles were found to be
much higher than those of Taxol®. In addition to TPGS, montmorillonite (MMT),[76] 1,2-
dilauroylphosphatidylcholine (DLPC),[77] and dipalmitoyl-phosphatidylcholine (DPPC)
[78] were also used as emulsifiers in PLGA NPs. These formulations demonstrated greater
drug encapsulation efficiency, better controlled drug release kinetics, and enhanced cellular
uptake and cytotoxicity.

Rapid opsonization is a major hurdle to achieve effective drug targeting to the site of action
by PLGA nanoparticles. To address these limitations, several methods of surface

J Control Release. Author manuscript; available in PMC 2018 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 10

modifications have been developed to produce nanoparticles that can evade opsonization.
PEG can form a hydrated outer shell, thereby protecting the nanoparticles from being
quickly taken up by the RES, thus extending the half-life of drugs and their tissue
distribution.[76, 79] In view of this, diblock or triblock copolymers of PLGA-5/-PEG and
PLGA-6-PEG-b-PLGA have been synthesized and used for PTX delivery.[80-83] For
example, Fabienne et al. prepared PTX-loaded PLGA-4-PEG nanoparticles by simple
emulsion and nanoprecipitation.[71] This nanoparticle exhibited high drug loading and a
biphasic pattern drug release behavior. When exposed to 25 pug/ml of PTX, the cell viability
was lower for PTX-loaded nanoparticles than for Taxol® (ICsq 5.5 vs 15.5 pg/ml). PTX-
loaded nanoparticles showed greater tumor growth inhibition effect on TLT tumor. Further
modification with the RGD peptide enabled targeting of the encapsulated PTX to endothelial
cells in the tumor, revealing improved efficacy in inhibiting the growth of tumor and
prolonging the survival of animals.[84] In another case, PTX-loaded PLGA-6-PEG-6-PLGA
nanoparticles exhibited significantly higher anticancer effects than Taxol®. [85] Targeted
delivery of PTX-loaded PLGA-H-PEG NPs was also achieved by surface decoration with
epidermal growth factor receptor (EGFR).[86] These targeted nanoparticles enhanced the
pharmacokinetics relative to Taxol®, and also improved the plasma and tumor half-life and
mean residence time of the drugs. Other targeting ligands, such as folate,[87] RGD,[88]
transferrin[89] and aptamer[80, 90] have also been conjugated to PTX-encapsulated PLGA
NPs for better antitumor efficacy.

4.1.2 PLA Nanoparticles—PLA has been widely used as matrix material for polymeric
NP preparation because of its biodegradability and safe properties.[91] In the context of
PTX delivery, the Feng Lab developed the mPEG-b6-PLA NPs of 80-90 nm in diameter for
controlled delivery of PTX.[92] PTX delivered by the resultant nanoparticles showed 33.3-
fold higher activity against MCF-7 cells when compared with Taxol®, with 3.1- and 2.8-fold
increase in the AUC and half-life, respectively.[93] These preclinical studies led to human
clinical trials and the eventual approval of Genexol-PM, a PTX-loaded PLA-PEG-based
micelle, in South Korea.

As an alternative to PEG, the TGPS has been investigated by various groups [94]. TPGS-
based nanomedicine of PTX has exhibited increased water solubility and oral bioavailability
of PTX. In addition, TPGS was able to overcome P-gp-mediated MDR in cancer cells and
effectively inhibit the growth of cancer cells. To utilize the antitumor efficacy and long
circulation properties of TPGS, TPGS-6-PLA copolymers were synthesized for PTX
delivery. The PLA-TPGS NPs exhibited enhanced cytotoxicity compared to conventional
polyvinylalcohol (PVA)-emulsified PLGA NPs,[95] and achieved a 27.4- and 1.6-fold
greater half-life and AUC, respectively, relative to Taxol® [96] After surface decoration with
folic acid, the efficacy of this NP construct was further improved.[97]

In addition to PEG and TPGS modified PLA polymers, copolymers of PLA-H-PEG-4-PLA,
[98] PEG-b-PLA-b-PEG,[99] PLA/Tween 80,[100] Poly(y-glutamic acid)-poly(lactide)
(PGA-6-PLA),[101] and poly[(amine-ester)-co-(d,I-lactide)] (HPAE-co-PLA)[102] were
also used for PTX delivery. Moreover, PTX-loaded PLA NPs decorated with targeting or
functional molecules, such as HER2,[103] biotin,[104] galactosamine,[101] RGD,[105] and
CDX [106] have been reported to greatly improve efficacy both /in vitroand in vivo. These
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reports showed that the PLA based NP formulation can have higher therapeutic effects and
lower side effects than Taxol®, revealing great potentials in various biomedical applications.

4.1.3 PCL Nanoparticles—Poly(e-caprolactone) (PCL) is a homopolymer of 6-
hydroxycaproic acid, and can be hydrolyzed under physiological conditions. It was approved
by the FDA as materials for drug delivery device. Because of the high crystallinity and
strong hydrophobicity, PCL degrades more slowly than PLGA and PLA, and tends to
aggregate in aqueous solution. To address these issues, surface modification of the polymer
with PEG chains has been developed [108]. Wang and colleagues developed a PTX-loaded
mPEG-PCL NPs with a high drug loading (25.6%, w/w) with preferential accumulation in
tumor when compared to Taxol®.[109] Discher and colleagues explored the shape effect of
filaments formed by self-assembly of PEG-4-PCL (Figure 4).[107] Significantly, they found
that filaments showed much prolonged circulation after intravenous injection due to their
capability to evade macrophage clearance. Thus, more PTX was delivered into the tumor, the
growth of which was greatly retarded when compared with those treated with Taxol®. In
another example, the Fang’s group prepared PTX-loaded mPEG-4-PCL NPs for the
treatment of brain tumor, and prolonged survival of glioma bearing mice (28 days vs. 20
days) was observed, which was further enhanced after surface modification of the
nanoparticles with Angiopep, a peptide targeting the low-density lipoprotein receptor-related
proteins over-expressed on blood brain barrier (BBB).[110, 111]

In addition to PEG-modified PCL NPs, other PCL-based polymers, such as PCL-F68,[112]
PCL-PVP,[113] PCL-polyphosphoester,[114] and PCL-PEG-PCL [115], have also been used
for PTX delivery. For example, poloxamers was conjugated to PCL because of its capability
of sensitizing MDR tumors. Taking advantage of this property, Zhang et al. developed a
PTX-loaded PCL/Poloxamer 188.[112] The developed PTX-loaded PCL/Poloxamer188 NPs
showed increased cellular uptake and toxicity when compared to PCL NPs and Taxol® in
resistant MCF-7/TAX cells. These studies suggested that PTX-loaded, PCL-based delivery
systems could afford an effective platform to enhance the cytotoxicity of PTX and to
overcome drug resistance in ovarian cancer patients.

Recent effects have also been devoted to biomimetic strategies. One highly innovative
design is to coat polymeric nanoparticle with cell membranes by Zhang and colleagues.[116]
Li et al. recently developed cell membrane coated PTX-loaded PCL nanoparticles for the
treatment of metastatic breast cancer.[117, 118] In these nanoparticles, PCL served as
reservoir for PTX, while the cell membranes endowed the nanomedicine with camouflage
properties such as long circulation and tumor targeting. Increased accumulation in both
primary tumor and their metastasis sites was achieved, leading to greatly improved efficacy,
again when compared to Taxol®. The primary challenge for clinical translation of this very
promising strategy is that the field is still at its early stages and most studies to date have
been performed in small animals. Translation of the results from small animals to larger
animals and eventually to humans are not trivial and requires experimental demonstration.
The effects of removing cells, modifying them and subsequently reintroducing them can
cause unpredictable effects and reproducibility. Scaling up manufacturing can be a
significant hurdle as well. [119][120]
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4.2. Natural Polymer Nanoparticles

4.2.1 Chitosan Nanoparticles—Chitosan is produced by deacetylation of chitin, the
second most abundant natural polysaccharide. Chitosan possesses a number of interesting
properties such as biocompatibility, biodegradability, nontoxicity and bioadhesivity,
warranting its high potential as an important class of biomaterials.[121, 122] However, the
poor solubility of chitosan in biological solution (pH 7.4) is a major drawback for its
extended application in drug delivery systems. Over the past decade, a variety of chitosan
derivatives have been developed by introducing hydrophilic and/or hydrophobic groups to
the chitosan backbone.[122, 123] The resultant chitosan-based amphiphiles can assemble
into micellar structures in water as the delivery vehicles for antitumor drugs.

Water-soluble chitosan derivatives could be prepared by various approaches such as
quaternization of the amino group, carboxymethylation, and PEGylation. In particular,
glycol chitosan is emerging as drug carriers because of their solubility and biocompatibility
in vivo.[124, 125] With hydrophobic moiety derived glycol chitosan (HGC), self-assembled
nanoparticles were prepared as a carrier for PTX by the Kwon’s lab.[126] The HGC
conjugates formed nano-sized particles with a diameter of 200 nm and PTX was efficiently
loaded into HGC nanoparticles up to 10 wt.% using a dialysis method. These PTX-HGC
nanoparticles showed sustained release with 80% of the loaded PTX released in 8 days at

37 °C in PBS. The anti-tumor effect of PTX-HGC nanoparticles was similar to that of
Taxol®, but the former were much less toxic. A hydrotropic oligomer-glycol chitosan (HO-
GC) was further synthesized by chemical conjugation of the N,N-diethylnicotinamide-based
oligomer to the backbone of glycol chitosan uniquely designed for enhancing the aqueous
solubility of PTX (Figure 5). Due to the presence of hydrotropic inner cores, this HO-GC
nanoparticle could encapsulate a high quantity (24wt.%) of PTX with a maximum drug-
loading efficiency of 78%. This PTX nanoparticle also showed an excellent tumor specificity
in MDA-MB-231 tumor-bearing mice due to the enhanced permeability and retention (EPR)
effect.[127] In another case, a novel water-soluble chitosan derivative, N-octyl-O-sulfate
chitosan (OSC), was synthesized and used for PTX delivery [128]. Although the PTX-
loaded micelle based on OSC (PTX-OSC) showed similar antitumor efficacy as Taxol® and
significantly reduced the side effect of PTX, the AUC of PTX-OSC was 3.6-fold lower than
that of Taxol® and most of the PTX were distributed in the RES. To prolong circulation time
and minimize non-specific uptake, mPEG group was introduced into the 2-NH, of OSC.
[129] Compared with OSC, mMPEGOSC decreased the adsorption of plasma protein to
micelle, resulting in a 2.93-fold increase in the AUC and uterus accumulation compared with
PTX-OSC and Taxol®.

Hydrophobic derivatives of chitosan such as alkylated chitosan [130] and deoxycholic acid-
modified chitosan[121] have been explored as carriers for PTX due to their amphiphilic
property and self-assembly nature. For example, TPGS modified chitosan (CS-TOS) was
synthesized and used as a micelle system for PTX delivery. This PTX-loaded micelle was
about 78 nm with a drug loading of 7.7%.[131] By simply conjugating hydrophobic long
alkyl chains to low molecular weight chitosan (LMWC), Zhang et al. developed a novel
amphiphilic derivative, N-octyl-N,O-carboxymethyl LMWC (OC-LMWC)[132]. The self-
assembled OC-LMWC micelles exhibited very high PTX loading content of 32.17% (w/w),
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and also the PTX-loaded micelles showed comparable cytotoxic effect to that of Taxol®,
with much lower vehicle derived toxicity. Recently, a dual-grafted amphiphilic chitosan
derivatives were synthesized by Wang et al to deliver PTX.[111] In their design, O-
carboxymethylated chitosan (OCMC) was modified with deoxycholic acid (DOCA), then
covalently bound with FA to develop a cancer-targeted PTX delivery system (DOMC-FA).
Incorporation of DOCA into the OCMC induced the self-assembly of micelles, and PTX
could be physically encapsulated into the core of the micelles. The superior features of this
PTX-loaded DOMC-FA (DOMC-FA/PTX) over other polymeric micelles were its high
drug-loading efficiency (33.61%) and high encapsulation efficiency (84.43%). More
importantly, the cytotoxicity of the DOMC-FA/PTX to cancer cells was much higher than
micelles without folate (DOMC/PTX) or Taxol®.[111, 133]

4.2.2 Hyaluronic Acid Nanoparticles—Hyaluronic acid (HA), also known as
hyaluronan, is a naturally occurring polysaccharide present in the extracellular matrix and
synovial fluids. Owing to its biocompatibility and biodegradability, HA has been extensively
investigated for biomedical applications. In particular, since HA can specifically bind to
various cancer cells that over-express CD44, many studies have focused on the
pharmaceutical applications of HA for anti-cancer therapeutics.[134, 135] Most HA-drug
conjugates have been developed for cancer chemotherapy as macromolecular prodrugs.[136]
HA has also been conjugated onto various drug-loaded nanoparticles for use as a targeting
moiety.[135, 137] These HA NPs containing anti-cancer agents such as PTX [134] exhibited
enhanced targeting ability to the tumor and higher therapeutic efficacy compared to the free
anti-cancer agents. One kind of modified HA was synthesized by using amine-terminated
hydrotropic oligomer, which enhanced PTX solubility and achieved the drug loading up to
20.7%. The NPs were found to selectively target SCC-7 cells which over-expressed CD44,
and exhibited enhanced cytotoxicity in this cell line than normal fibroblast CV-1 cells.[138]
Recently, a targeted intracellular delivery system of PTX was developed based on redox
sensitive HA-SS-DOCA conjugates.[139] The conjugates self-assembled into nano-sized
micelles in aqueous media and exhibited excellent drug-loading capacities (34.1%) and
entrapment efficiency (93.2%) for PTX. Intracellular release of fluorescent probe Nile red
implied that HA-SS-DOCA micelles could provide an effective approach for transport of
cargo into the cytoplasm. /n vivo studies confirmed that HA-SS-DOCA micelles have much
higher tumor targeting capacity than the insensitive control.

5. Prodrug Strategies

Prodrugs are bioreversible derivatives of drug molecules that undergo an enzymatic and/or
chemical transformation /7 vivoto release the active parent drug, which can then exert the
desired pharmacological effect.[140] Prodrugs are usually designed to overcome the
problems of the parent drug in administration, such as low solubility, low permeability,
instability, poor oral absorption, toxicity and non-targeting.[141, 142] Compared to free
drug-loaded liposomes, micelles, NPs and other types of formulations, prodrugs are
formulated by chemical linkage, with better quality control and small batch-to-batch
variation. Furthermore, some polymer- or lipid-based prodrug can self-assemble into well-
defined nanoparticles. The PTX prodrugs were generally constructed at C-2” or 7-OH group
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of PTX (Figure 1). Compared to C-7-position, 2" moiety of PTX is more practical for
cleaving to keep cytotoxic effects and can be synthesized without protecting the 7-OH
position.[142] For conjugation, the 2”-active OH group of PTX was usually first
carboxylated by reaction with succinic anhydride, and the formed PTX-2"-hemisuccinate
will be conjugated with auxiliary segments (such as polymers, proteins, peptides et al.)
(Figure 2C and D) through subsequently reaction between -COOH and -NH2 groups.

5.1. Polymer-based Prodrugs

Pioneering work on the conjugation of hydrophobic drugs to a hydrophilic polymer was
initially intended to take advantage of the relatively larger size of the polymer (/< radius of
fyration) to avoid quick renal clearance and to improve the drug’s water solubility, thus
leading to enhanced tumor accumulation.[143] Although such polymer-drug conjugates
were widely investigated, only a few polymers, such as PLA,[144, 145] PEG,[146] N-(2-
hydroxypropyl)methacrylamide (HPMA) [147] and poly(L-glutamic acid) (PGA) [148] have
been systemically examined or have entered clinical trials. In a very innovative approach,
Cheng and co-workers used PTX as a drug initiator to formulate PTX-PLA conjugates via
living polymerization.[149] Due to the steric hindrance and bulkymetal catalyst,
polymerization of LA was preferentially initiated at the 2”-OH group of PTX. These PLA-
drug conjugates can be further formulated using the nanoprecipitation method to form
uniform particles of less than ~150 nm in size. A water-soluble PEGylated PTX prodrug,
conjugated with PEG (MW 5000) through a spacer-succinyl group tethered to the 2°
position of PTX, prepared by Li et al.[146] resulted in an improved solubility and
comparable in vitro cytotoxicity to PTX in B16 melanoma cells. Pendriet al. demonstrated
that PEG-conjugated PTX-2"-glycinate had increased antitumor activity and less toxicity in
a P388 murine leukemia model when compared to Taxol® [150] A HPMA-conjugated PTX
prodrug was synthesized with a self-immolative dendritic linker. The prodrug was found
water-soluble and can release a triple payload of PTX as a result of cleavage by the
endogenous enzyme cathepsin B. The prodrug also showed higher cytotoxicity on murine
prostate adenocarcinoma (TRAMP C2) cells compared to a classic monomeric drug-
polymer conjugate. [147] The most promising polymer-PTX conjugate to date is probably
the PGA-PTX conjugate (CT-2103), where PGA is conjugated to 2”-OH position of PX via
an ester linkage. The conjugate showed significantly better antitumor efficacy compared to
Taxol® in several tumor-bearing mouse models, and in some cases it completely eliminated
tumors. In addition, the MTD and tumor uptake of CT-2013 were about 2- and 5-fold higher
than Taxol®, respectively, and prolonged circulation time was also observed in mouse tumor
models.[148, 151]

PTX prodrug can be developed with a pH sensitive, reductive and/or enzyme-sensitive
linkage to realize stimuli responsive prodrugs. This strategy would allow for the release of
the active ingredient preferentially at the site of action such as cancer cells, thus sparing
normal tissue. For example, Shabat’s group designed a PTX prodrug (PGD) by conjugating
PTX with a hydrophilic poly(amdioamine) [PAMAM] dendrimer through the cathepsin B-
cleavable tetrapeptide.[152] In comparison to PTX, PGD demonstrated a higher cytotoxicity
specific to cell lines with moderate-to-high cathepsin B activity. Cells with comparatively
lower cathepsin B activity demonstrated an inverse of this relationship. Regression analysis
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between the magnitude of PGD-induced cytotoxic increase over PTX and cathepsin B
expression showed a strong, statistically significant correlation. In another study, PTX was
conjugated to triazine dendrimers by a biodegradable disulfide linkage. This linkage was
cleaved by the endogenous reductant, such as glutathione, whose intracellular concentration
is more than 1,000 higher than that in the vasculature. After intravenous injection of this
prodrug in human prostate cancer-bearing SCID mice, significant tumor growth suppression
was observed with dosages from 50 to 200 mg PTX/kg over 20 days treatment and the mice
treated with 50 mg PTX/kg exhibited high antitumor efficiency and 100% survivor over 10-
weektreatment period.[153]

Tumor development is often associated with overexpression of some receptors or ligands
which may serve as effective tumor targets, and as such targeted prodrugs were designed to
increase the solubility and tumor-targeting properties of the drugs after drug conjugation
with specific ligand. An integrin-targeting prodrug, PGA-PTX-E-[c(RGDfK),], was
developed to target the tumor by a combination of the EPR effect and active targeting
through integrin binding. In this design, the cyclic RGD peptide mimetic was utilized for the
active targeting to the a3 integrin overexpressed on tumor endothelial and epithelial cells.
The prodrug demonstrated increased water solubility and selective cytotoxicity against
cancer cell lines. It was found that the RGD-conjugated prodrug exhibited preferential tumor
accumulation of PTX, enhanced antitumor efficacy and reduced side effects.[154] Along the
same lines, a ternary conjugate of heparin-folic acid-PTX was also designed for
enhancement of tumor targeting. This conjugate was shown to recognize folate receptor
positive KB-3-1 cells and can enhance tumor inhibitory activity in a subcutaneous
KB-3-1xenograft model.[155] By combination of EPR and OCT-receptor mediated
targeting, sharp redox response, and programmed drug release, a multifunctional prodrug,
octreotide(Phe)-polyethene glycol-disulfide bond-PTX [OCT(Phe)-PEG-ss-PTX], was
developed by the Zhou lab.[156] This polymer-PTX conjugates exhibited approximately
23,000-fold increase in water solubility. Moreover, the objective OCT(Phe)-PEG-SS-PTX
prodrug was confirmed to be selectively internalized into tumor cells by SSTRs-mediated
endocytosis. As a result, the /n vivo investigations on NCI-H446 tumor xenografts confirmed
that the OCT(Phe)-PEG-SS-PTX possessed superior tumor-targeting ability and antitumor
activity over both mPEG-PTX and OCT(Phe)-PEG-PTX controls, and reduced systemic
cytotoxicity compared with Taxol®. Overall, these prodrug constructs hold great potential
for target chemotherapy.

In another study, polymeric prodrugs were shown to self-assemble into nanosized micelles
of low polydispersity. Zhang et al. synthesized poly(ethylene oxide)-polyphosphoester-based
PTX drug conjugates (PEO-PPE-PTX) in a two-step manner using organo-catalyst promoted
ring-opening-polymerization, followed by click reaction based conjugation of a PTX
prodrug.[157] The PEO-PPE-PTX formed well-defined core-shell nanoparticles in aqueous
solution, containing ultra-high levels of drug loading. The Yu group developed a poly(L-y-
glutamyl glutamine)-PTX (PGG-PTX) conjugate. This conjugate self-assembled into NPs
with the particle size of 12-15 nm. The formulation had low toxicity in mice and the /in vivo
antitumor activity was superior to Abraxane® in multiple tumor models.[39] More recently,
the water-insoluble PTX was conjugated to LMWC via a cleavable bond, forming NPs with
variable sizes (depending on drug content) that could be delivered to tumors.[158] The

J Control Release. Author manuscript; available in PMC 2018 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 16

resulting LMWC-PTX NPs substantially improved the half-life of PTX in the blood (at least
6-fold) compared with that of the free PTX formulation. Furthermore, LMWC-PTX NPs
exhibited excellent antitumor efficacy that was dramatically superior to that of free PTX. In
another work, Zhang et al. developed a novel water-soluble polymeric prodrug, PTX-
poly(ethyl ethylene phosphate) conjugated with folic acid molecules (PTX-PEEP-FA). This
prodrug could self-assemble in aqueous solution to form micelles with PTX in the core and
PEEP-FA as the corona, and the average particle size was less than 130 nm. The
hydrophobic PTX core could be further used to load more water-insoluble anti-cancer drugs,
such as PTX or doxorubicin (DOX), while the hydrophilic PEEP-FA chain endowed
micelles with good stability during systemic circulation and significantly improved
controlled-release properties compared to free PTX or DOX. /n vitrobiological evaluations
confirmed that PTX-PEEP-FA, simultaneously acted as both a prodrug and drug delivery
carrier, could achieve the aims of increased drug loading efficiency and enhanced targeting
efficacy.[157]

5.2. Protein-based Prodrugs

Protein-based drugs have been used in the clinic and currently enjoy unprecedented
recognition of their therapeutic potential.[159] Albumin is emerging as a versatile natural
protein carrier for drug targeting and for improving the pharmacokinetic profile of protein-
based drugs. Motivated by the clinical successes of Abraxane®, Ruoslahti and coworkers
developed tumor targeted Abraxane® formulations with two respective tumor-homing
peptides of CREKA and LyP-1. According to their results, LyP-1-Abraxane demonstrated
significantly improved antitumor efficacy compared to untargeted Abraxane® in an MDA-
MB-435 xenograft mouse model.[160] In another study, a novel ligand-mediated prodrugs
Tf-Glu-PTX, namely, PTX conjugated with Fmoc-L-glutamic acid 5-tert-butyl ester (linker)
and transferrin (TT), to specifically target tumor cells/tissues.[161] Transferrin, a 78 kDa-
monomeric serum glycoprotein, was used as both carrier and tumor targeting ligand. The
cell studies demonstrated that the prodrug had efficient inhibition of tumor cell proliferation
with low toxicity to healthy cells. TI-Glu—-PTX also displayed a potential to overcome PTX
resistance in drug-resistant MDA-MB-231 cell lines.

Antibody-drug conjugates (ADCs) represent a hihgly promising class of anticancer
therapeutics that combine the specificity of monoclonal antibodies (MADb) and the efficacy
of small-molecule therapeutics.[162] The development of MAb specific to tumor antigens
enables enhanced selectivity of anti-cancer drugs. A PTX MADb prodrug was developed to
improve the drug’s accumulation in tumor. PEG was used to conjugate PTX with the anti-
epidermal growth factor receptor MAb, C225 at a molar ratio of up to 12. The prodrug
exhibited increased drug solubility, stability and preserved drug cytotoxicity against MDA-
MB-468 breast cancer cells.[163] In another case, Ojima and coworker developed a tumor-
specific PTX-monoclonal antibody conjugates. In their design, a highly cytotoxic C-10
methyldisulfanylpropanoyl PTX was conjugated to an MAb recognizing the epidermal
growth factor receptor (EGFR) expressed in human squamous cancers.[164] These
conjugates were shown to possess remarkable target-specific antitumor activity /n vivo
against EGFR-expressing A431 tumor xenografts in SCID mice, resulting in complete
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inhibition of tumor growth in the treated mice without showing noticeable toxicities to the
animals.

5.3. Peptide-based Prodrugs

Peptide and its derivatives have been exploited for PTX delivery. For instance, Tat-based
self-assembling peptide amphiphiles can self-assembled into filaments for intracellular
delivery of PTX.[165] In the peptide-based prodrug strategy, a rationally designed peptide
sequence is conjugated to PTX via an ester bond or other biodegradable linkers. In some
cases, protecting the hydrolytic linker is necessary, which can be achieved by encapsulating
the conjugates into polymeric micelles.[166] An alternative strategy is to create peptide-PTX
conjugates that could self-assemble into self-delivering prodrug assemblies.[167] Taking
advantages of the biological function and assembly potential of peptides, Cui and co-
workers developed a novel class of drug amphiphiles (DAs) by covalent linkage of
anticancer drugs to a rationally chosen/designed peptide through a biodegradable linker.
[168-174] Their core design concept is to consider drugs as molecular building units, not
just being functional units. By incorporating a short peptide as both a functionally active and
structurally guiding unit, the resulting DAs are actually amphiphilic prodrugs capable of
forming a variety of supramolecular morphologies in aqueous solutions (Figure 2D).
Expansion of this concept led to the construction of PTX loaded DAs with a drug content up
to 41% with activity comparable to free PTX.[175] Conjugation of the bulky PTX to a short
peptide does not prevent the peptide from assembling into one-dimensional nanostructures.
In vitro study showed that filaments have near identical toxicity to free PTX, indicating that
the self-assembling PTX DA does not compromise the drug’s efficacy. Ding and coworkers
reported another example in which the conjugation of PTX to a tumor-homing cell-
penetrating peptide (CPP) resulted in the formation of spherical nanostructures ~120 nm in
diameter.[176] This PTX-CPP nanospheres also do not compromise the PTX’s potency,
which can also be utilized as the carriers for co-delivery of another anticancer drug (DOX).

The attachment of drugs to molecular transporters, such as cell-penetrating peptides, can
help facilitate cellular uptake through multiple mechanisms other than passive diffusion,
which can be helpful in overcoming MDR. In view of this, the Liang Lab proposed a
strategy to overcome the MDR of drug-resistant cells by employing a biocompatible
condensation reaction.[177] Specifically, they designed and synthesized a PTX derivative
Ac-Arg-Val-Arg-Arg-Cys(StBu)-Lys(PTX)-2-cyanobenzothiazole (CBT-PTX), which could
be subjected to furin-controlled condensation and self-assembly into PTX nanoparticles
(PTX-NPs). /n vitroand in vivo studies indicated that CBT-PTX showed a 1.5-fold increase
in anti-MDR effects on tumors without significant toxicity to the mice. In another example,
Wender and coworkers conjugated PTX to an octaarginine peptide transporter through a bio-
reducible linker, producing conjugates with significantly improved activity against malignant
cells that were resistant to the therapeutic agent alone.[178] They further demonstrated that
this approach was effective in animal models of ovarian cancer and explored the generality
and mechanistic basis for this effect with coelenterazine, a P-gp substrate. Although
coelenterazine itself does not enter cells because of P-gp efflux, its octaarginine conjugates
can do so readily. This general approach helps overcome the MDR elicited by small
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molecule cancer chemotherapeutics and could improve the prognosis for many cancer
patients.

Polypeptide-drug conjugates, albeit less studied relative to polymer-drug conjugates,
represent a very promising drug delivery platform. Polypeptidic materials could be designed
to possess metabolizable and biodegradable features, bio-inspired functionalities, and
stimuli-responsive properties. Polypeptides containing amino acids with functionalizable
side chains (e.g. lysine, glutamic acids, cysteine, serine) can be used to conjugate with drug
molecules to improve the drug’s bioavailability and efficacy [179]. In some cases,
amphiphilic polypeptide-drug conjugates exhibited the ability to aggregate into
nanostructures under physiologically relevant conditions.[180] Chilkoti and co-workers
reported the conjugation of PTX to recombinant chimeric polypeptides (CPs) that
spontaneously self-assemble into ~60 nm near-monodisperse nanoparticles.[181] In their
design, the covalent conjugate of PTX is stable at the pH of blood, but the drug can be
cleaved off at an appreciable rate at the tumor interstitial pH (~6.5) and at the pH in late
endosomes (~5.3). More importantly, the tumor uptake of the CP-PTX nanoparticle was 5-
fold higher than the free drug and 2-fold higher than Abraxane®. In a murine cancer model
of human triple-negative breast cancer and prostate cancer, CP-PTX induced near-complete
tumor regression after a single dose in both tumor models. These results show that a
molecularly engineered nanoparticle with precisely engineered design features outperforms
Abraxane®, the current gold standard for PTX delivery. To take advantage of the thermal
responsive property transition between 37°C and 42°C, Shama et al. developed a thermally
responsive elastin-like polypeptide (ELP) for the delivery of PTX.[182] In the presence of
hyperthermia, the ELP-PTX prodrug inhibits MCF-7 cell proliferation by stabilizing the
microtubule structures, arresting the cells at the G2/M stage and inducing apoptosis in a
manner similar to conventional PTX.

5.4. Small Molecule-based Prodrugs

The emergence and development of small molecule prodrugs has been primarily focused on
improving the drug’s water solubility, bioavailability, chemical stability, and in some cases
brain permeability and targeting, and also on addressing the multiple drug resistance
mechanisms.[183] In an effort to develop novel PTX prodrugs, Bradley’s group conjugated a
natural fatty acid, docosahexaenoic acid (DHA), through an ester bond to the PTX 2’-
oxygen.[184] The resulting PTX fatty acid conjugate (DHA-PTX) does not have
microtubule stabilizing activity and is non-toxic. This prodrug can be converted to the active
PTX form when metabolized by esterases in the body. Therefore, the conjugate prolonged
the exposure of PTX and reduced the peak concentration, which allowed the administration
of 4.4-fold higher doses of DHA-PX conjugate over that of PTX alone in mice. Conjugated
linoleic acids (CLAs) are structurally unique group of dietary long chain polyunsaturated
fatty acids, which have elicited considerable interest because of their significant anti-
proliferative effects in cancer cells. This prodrug strategy may provide the synergistic
antitumor effect with PTX. A new prodrug, CLA-PTX, was synthesized by covalently linked
CLA to the PTX with good stability in PBS and rat plasma. The conjugate exhibited higher
cellular uptake efficiency on C6 glioma cells and improved pharmacokinetics compared with
PTX. Unlike PTX, CLA-PTX could distribute in brain tissue and retained higher
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concentrations throughout 360 h, which resulted significant antitumor efficiency in brain
tumor-bearing rats.[112]

Polymeric (such as PEG-PLA) micelles has progressed to human trials for PTX as a safer
alternative to Cremophor EL and ethanol in Taxol®. For example, Genexol-PM is approved
in Asia and in a phase 3 clinical trial. However, the low drug loading and poor stability
against precipitation might limit the broader usage of PEG-b-PLA micelles in treating
cancers. In addition, PEG-5-PLA micelles release PTX rapidly, resulting in widespread
biodistribution and a low tumor exposure.[186] To address these issues, lipophilic acyl ester
prodrugs have been synthesized for polymeric micelles. A 2”-acyl prodrug attached on PTX
by a diglycolate linkage has also been stably loaded in PEG-poly(styrene) micelles by
Mayer et al.[187] While prodrugs were 1-2 orders of magnitude less potent than PTX /n
vitro, a long-circulating diglycolate PTX prodrug exerted higher antitumor efficacy than
PTX at the MTD of 60 and 20 mg/kg, respectively, in a HT29 human colon carcinoma
model. More recently, the Kwon lab synthesized a lipophilic PTX derivative, oligo(lactic
acid)g-PTX (o(LA)g-PTX), and then incorporated this conjugate into PEG-4-PLA micelles
(Figure 6). As expected, o(LA)g-PTX was more compatible with PEG-4-PLA micelles than
PTX, increasing drug loading from 11 to 54%. While the in vitro release of PTX from
Taxol® was rapid, o(LA)g-PTX release was more gradual with t;;; = 14 h. Notably, o(LA)8-
PTX induced tumor regression in A549 tumor-bearing mice and caused less toxicity than
PTX in terms of change in body weight. This PTX delivery system holds great potential for
clinical evaluation.[185]

5.5. Hybrid Prodrugs

Rational combinations of two or more drugs can potentially generate synergistic effect in
reducing side effects associated with high dose of single drugs, and also offer a way to
overcome multidrug resistance mechanisms that cancer cells may develop during the course
of the treatment.[169] Recently, a bifunctional dual-acting prodrug was prepared by
conjugating PTX and DOX in the same carrier to realize combinational chemotherapy. The
prodrug incorporated a 1,6-self-immolative para-aminobenzyloxycarbonyl (PABC) spacer
between the conjugated drug and the lysosomally cleavable dipeptide Phe-Lys. It can bind to
cysteine-34 position of albumin and cleavable by cathepsin B, a cysteine protease that is
overexpressed in solid tumors, to release the free drugs.[188] Cheetham et al. reported the
synthesis and assembly of a mikto-arm star dual drug amphiphile containing both a bulky
PTX and a planar CPT.[172] The two different anti-cancer drugs were conjugated to the
terminal lysine of a B-sheet forming peptide (Sup35), and the dual DAs could spontaneously
associate into a well-defined filamentous morphology containing a fixed 41% total drug
loading. The hetero dual DA was found to effectively release the two anticancer agents,
exhibiting superior cytotoxicity against PTX-resistant cervical cancer cells (Figure 7). They
believed that delivering two drugs of completely different action mechanisms could increase
the possibility of overcoming multidrug resistance and reduce the possibility for tumor
reoccurrence. In another example, Mao et al. designed a dexamethasone-FFFK(PTX/
HCPT)E-SS-EE system based on two complementary anticancer drugs for chemotherapy.
[189] In this design, PTX serves as an anticancer agent, while dexamethasone acts as an
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anti-inflammatory to reduce side effects associated with cancer chemotherapy. This multiple
complementary prodrug represents a smart co-delivery system for the disease treatment.

Nucleic acid-based materials have received much attention because of their hydrophilicity,
biocompatibility and more importantly their feasibility to be engineered into different
sequence, lengths, sizes and shapes.[190] Therefore, nucleic acids have been used both as
carriers and therapeutics. One excellent example integrating the two functions together is the
spherical nucleic acids self-assembled from conjugates of PTX and oligonucleotide (Figure
8).[191] Zhang and coworkers conjugated ten PTX molecules to one oligonucleotide
through disulfide bond, and the resulting amphiphilic conjugates self-assembled into
spherical micelles of ~15 nm in diameter in aqueous solution. Upon intracellular uptake, the
micelles was disrupted by glutathione, releasing free PTX and functional DNA for
microtubule stabilization and gene regulation, respectively.

6. Local Delivery Systems

Surgery represents the primary option to treat solid tumors, followed by radiotherapy and
chemotherapy as an adjunct. The postsurgical local placement of a biodegradable system
loaded with an anticancer agent can prevent further proliferation of remaining malignant
cancer cells.

6.1. Hydrogels

Hydrogels are three-dimensional (3D) polymeric and hydrophilic networks able to imbibe
large amounts of water or biological fluid. Hydrogels exhibit a thermodynamic compatibility
with water which allows them to swell in aqueous media.[192] Hydrogels emerged as
excellent candidates for controlled release, bio-adhesive and/or targeted drug delivery as
they are able to encapsulate hydrophilic or hydrophobic drugs.[170, 193-196] A key point in
the success of hydrogels development is the ability to gel /n situ (Figure 2E). This can be
achieved by UV polymerization or via either reversible interactions or chemical reactions.
The gelation process can also be time-dependent or be triggered by specific stimulus (e.g.
pH, temperature).[197]

Injectable hydrogels have demonstrated numerous advantages compared to conventional
delivery systems and have been extensively studied for localized antitumor drug delivery.
[198] Local delivery of antitumor drugs provides a high local concentration and decreases
the incidence of side effects commonly observed with systemic therapy. A clinical trial
recently tested the efficacy of OncoGel® (MacroMed, Inc.) for local tumor treatment.[199]
The thermo-responsive gel was composed of PLGA-PEG-PLGA triblock copolymer, which
transformed to a water-insoluble hydrogel at body temperature.[200, 201] It had sustained
PTX release properties for up to 6 weeks upon injection. OncoGel® was proven to be safe
with negligible PTX concentration in plasma after single injection into solid tumor site. In
another example, Ruel-Gariepy et al. have recently reported using a thermo-sensitive
chitosan gel for the sustained delivery of PTX.[202, 203] This formulation can be injected
directly at the site of tumor resection and the liquid uniformly fills the cavity as it sets into
the gel. EMT-6 tumor bearing Balb/c mice study demonstrate that a single injection of the
PTX loaded chitosan gel results similar to four intravenous injections of Taxol®. In addition,
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the chitosan based system showed significantly less toxicity when compared with systemic
Taxol® administration.[203] Along the same lines, Guo et al. developed a linoleic acid
(CLA)-coupled poloxamer thermo-sensitive hydrogel for local delivery of PTX.[198] The
PTX-loaded thermo-sensitive hydrogel showed excellent cell cycle arrest and apoptosis in
tumor tissue compared with the PTX incorporated poloxamer hydrogel. In a more recent
study, Bajaj et al. developed HA-based /n situ crosslinkable hydrogel, which served as a
carrier of PTX particles to improve their intraperitoneal retention and therapeutic effects.
[204]

Intelligent nanogels that exhibit drastic response to various stimuli have been a popular
research topic in the rapidly growing fields of smart materials and nanomedicine.[205, 206]
Among various intelligent nanogels, the most extensively studied are those responsive to
changes in pH, [207] temperature,[198, 203] reduction potential,[208] and enzymatic
reactions.[209-211] By taking advantage of the weak acidic environment of tumorous tissue,
Zhao et al. developed a pH sensitive injectable hydrogel with hydrophobic microdomains for
incorporating both DOX and PTX. Dual drug release from the PTX+DOX loaded gels were
observed with pH-sensitive behavior and accelerated drug release rate at the acidic pH
environment. After intratumoral administration, the hydrogel formulations of PTX resulted
in melanoma B16F10 tumor inhibition on C57/BL6 mouse model.[207] In another example,
Yang and coworkers connected the oxidized form of glutathione to PTX via a succinyl
linkage which upon reduction could form a hydrogel.[24] The mechanical properties of this
hydrogel was suitable for injection, and the injected gels can recover within a few minutes
once the stress was removed. Intra-tumoral injection of the gel in a mouse model was found
to inhibit tumor growth and metastasis.

By mimicking biomacromolecular self-assembly, the integration of enzymatic reactions with
self-assembly of small molecules provides an effective means to form nanofiber networks
and results in hydrogels under various conditions.[209-211] Taking advantage of this
strategy, Xu and coworkers have developed a PTX-bearing supramolecular hydrogel for
chemotherapy using a phosphorylated naphthalene—Phe—Phe—Lys—Tyr precursor with
conjugated PTX (Figure 9). Upon treatment with alkaline phosphatase (ALP), cleavage of
the phosphate group occurred and a translucent hydrogel spontaneously formed. They found
that both the precursor PTX—NapFFKYp and the hydrogelator exhibited comparable
anticancer abilities compared with free PTX, indicating that the drug’s activity remains
unaffected.[209]

Although there are many reports on various intelligent micro/nanogels as aforementioned,
multi-stimuli responsive micro/nanogels are still limited. Injectable pH- and temperature-
sensitive hydrogels that respond to change in pH and temperature, have unique advantages
over temperature-sensitive hydrogels. The drug release behavior can be tuned by changing
the chemical structure of the pH- and temperature-sensitive polymers, leading to enhanced
specificity of drug delivery and less side effects.[212] In view of this, a novel pH- and
temperature-sensitive biodegradable block copolymer OSM-PCLA-PEG-PCLA-OSM was
synthesized and used as carriers for PTX. A solution of the polymer can rapidly form a
strong gel once at physiological body pH/and temperature, showing gradual /n vivo
degradation over the course of six weeks.[213] PTX-loaded hydrogel showed good anti-
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tumor effect up to 2 weeks after one injection into tumor-bearing mice.[214] More recently,
Qiao et al. developed a type of multi-responsive nanogels by the miniemulsion
copolymerization of monomethyl oligo(ethylene glycol) acrylate (OEGA) and another ester-
containing acrylic monomer (DMDEA) in the presence of a disulfide-containing cross-
linker. The nanogel exhibited thermo-responsive behavior, acid-triggered hydrolysis and
reduction-induced degradation and closely relevant to their compositions and crosslinking
degrees. These nanogels are capable of encapsulating hydrophobic PTX. The drug release
can be accelerated by a cooperative effect of both acid-triggered hydrolysis and DTT-
induced degradation. The PTX-loaded nanogels exhibit a concentration-dependent toxicity
to MCF-7 cells while the intact unloaded nanogels are non-toxic [208].

6.2. Implants

The production of drug loaded polymeric implants and wafer has introduced an innovative
concept in drug administration. Drugs can be delivered to tumor in a sustained, continuous
and predictable release fashion using biodegradable polymers as delivery vehicles. Due to
their transient nature, biodegradable polymers do not require surgical removal after their
intended application and thus can circumvent some of the problems related to the long-term
safety of non-degradable implanted devices. Moreover, the postsurgical local placement of a
biodegradable device loaded with an anticancer agent can prevent further proliferation of
malignant cells while sparing the patient the harmful side effects of chemotherapy. Recently,
a novel chitosan-based implantable formulation (chitosan-ePC) was developed to provide
controlled, local release of PTX for the treatment of ovarian tumors. A sustained, zero-order
release of PTX was observed /7 vivo over two weeks in mice implanted with 14C-PTX~-
chitosan-ePC films. More importantly, after 2—4 weeks, mice treated with chitosan-ePC
implants did not demonstrate any signs of inflammation or infection during a 4 weeks test.
Park et al. developed disc-shaped implants of polyanhydride, P (FAD-SA 50 : 50, w/w), with
10% w/w PTX, from which the drug was slowly released with only 15% of the drug released
in 77 days, and requiring 44 months to release the total amount of PTX.[215] Similar
formulations were used for localized implantation of drug in the cavity of resected brain
tumors.[216]

The most successful drug delivery implant is arguably Gliadel® wafer, as it still remains the
only one approved by the FDA for local treatment of brain tumors. The polymer matrix is a
biodegradable copolymer formed by reaction of 1,3-bis-(p-carboxyphenoxy)propane (pCPP)
and sebacic acid (SA) in a 20:80 ratio (polifeprosan 20). The impregnated active compound
is carmustine (BCNU). Gliadel® wafers release the drug in approximately three weeks, but
in vivo studies in mammalian models showed that the majority of the drug release takes
place in the first 5-7 days.[217] In different animal models, high concentrations of drug
were observed adjacent to the polifeprosan20 implants while low drug concentrations were
observed in distant regions of the brain.[218] Given the limitations that Gliadel® has
revealed, such as poor tissue penetration, fast drug release, implant dislodgement, and large
resection cavity size needed for implantation, several research groups attempted to optimize
the efficacy of polymer-mediated implants for the controlled release of other
chemotherapeutics including PTX. For example, Von Eckardstein et al. developed a PTX/
carboplatin liquid crystalline cubic phases.[219] In a pilot study, a total of 12 patients with a
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recurrence of glioblastoma multiforme underwent re-resection and received an intracavitary
application of PTX and carboplatin cubic phases in different dosages. Six of the patients
received more than 15 mg PTX and suffered from moderate to severe brain edema, while the
remaining patients received only a total of 15 mg PTX. In the latter group, brain edema was
markedly reduced and dealt medically. This design shows its feasibility and safety in
intracavitary chemotherapy of recurrent glioblastoma. PTX has also been loaded in PLGA
microfiber, foams or wafers with different form and geometry, obtaining good
pharmacokinetic and diffusion profiles and promising preliminary efficacy /in vivo results.
[220, 221]

7. Future Perspectives

PTX is one of the most successful small molecule anticancer drugs ever developed to treat a
wide spectrum of cancer, including lung, ovarian, breast, head and neck cancer as well as
Kaposi’s sarcoma. The clinical and marketing successes of Taxol® (annual peak sale was
once $1.6 Billion USD) and its superior replacement Abraxane® (2016 annual sale was
close to $1 Billion USD) have motivated heavy academic and industrial interests in the
development of a variety of drug delivery systems and platform technologies, including
liposomes, micelles, SLNSs, biodegradable polymers, prodrug designs, and hydrogels.
Currently, Genexol-PM® (PLA-mPEG micelles) and Lipusu® (PTX liposomes) are
frontrunners, as they have been approved in South Korea and China, respectively, as an
alternative for Taxol®. Table 2 lists PTX formulations currently in clinical trials.

While most of PTX formulations have demonstrated much reduced toxicity relative to
Taxol®, they reveal only marginal improvement in response rate and treatment efficacy.
Now, with the bar being raised from Taxol® to Abraxane®, PTX formulations currently
under clinical and preclinical development including Genexol-PM® and Lipusu® can at most
become competitors (not replacement) of Abraxane®. The disruptive innovation in PTX
delivery has yet to come. From the perspectives of drug delivery sciences, the specific
accumulation of PTX in the primary and metastasis site of cancer has not been achieved,
necessitating much more detailed and systemic investigation on the real and unique
advantages of using nanoscale carriers. Likely, the quest for more effective PTX-based
formulations will push the limit of the ultimate benefits and effectiveness of cancer
chemotherapy based on cytotoxic small molecule drugs. It is very clear that more knowledge
on cancer biology and pathology is needed to assist in the PTX formulation design. Despite
many challenges, the future of nano-delivery systems is promising and poised to have a role
in improving PTX-based cancer chemotherapy.
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Figure 1.
The relationship of PTX’s chemical structure with its bioactivity (Reproduced from ref. [7]
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Figure 2.
Schematic illustration of several representative platform technologies for target PTX

delivery. (A) Lipid-based delivery systems; (B) Polymer-based nanoparticle systems; (C)
Polymer-drug conjugates; (D) Self-assembling drug amphiphiles; (E) Hydrogel system for
local delivery.
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Figure 3.
(A) Schematic illustration of mitochondrial targeting of TPP-PEG-L. (B) Mitochondrial

colocalization of fluorescently-labeled TPP-PEG-L compared to PL by confocal laser
scanning microscopy. HeLa cells were incubated with Rh-PE-labeled TPP-PEG-L and PL
for 18 h and then stained with MTG and Hoechst 33342. Yellow spots in the merged pictures
denote the co-localization of the liposomes within mitochondrial compartments. a. Images of
nuclei stained with Hoechst; b. Mitochondria staining with MTG; c. Uptake of Rh-labeled
liposomes; d. Merged picture of all. (Reproduced from ref. [42] with permission)
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filamentous micelles. (C) Tumor growth inhibition effect of Taxol and PTX-loaded
filamentous micelles. (Reproduced from ref. [107] with permission)
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Figure 5.
Hydrotropic oligomer-conjugated glycol chitosan (HO-GC) nanoparticles. (A) Chemical

structure of HO-CN. (B) Amphiphilic self-assembly of PTX-encapsulated (PTX-HO-GC)
nanoparticles. (Reproduced from Ref. [127] with permission)
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(A) Schematic illustration of Oligo(lactic acid)n-PTX prodrugs for PEG-PLA micelles:
Loading, release, and backbiting conversion for anticancer activity. (B) /n vitro release of

PTX, o(LA)g-PTX, or o(LA)14-PTX prodrug from PEG-4-PLA micelles. (C) /n vivo

antitumor efficacy PTX or o(LA)g-PTX prodrug (20 mg/kg) as PEG-b6-PLA micelles (9%
loading) in an A549 xenograft tumor model. Mice received 3 weekly injections followed by

1 week off for 3 cycles. (Reproduced from Ref. [185] with permission)
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Figure 7.
(A) Synthesis of CPT-PTX-Sup35 from the reaction of dCys-Sup35 with a 1:1mixture of

activated disulfide drugs, CPT-buSS-Pyr and PTX-buSS-Pyr. (B) Representative TEM
images of CPT-PTX-Sup35 in water. (C) Release of CPT and PTX and degradation of CPT-
PTX-Sup35 (50 mM in 10mM sodium phosphate solution, pH 7.4) in the presence or
absence of 10 MM GSH (O CPT-PTX-Sup35 without GSH; ¢ CPT-PTX-Sup35 with GSH;
< released CPT; O released PTX). (D). Cytotoxicity of CPT-PTX-Sup35 against PTX-
resistant KB-V1 cervical cancer cells (O CPT-PTX-Sup35; O PTX; &OdPTX-Sup35). Cell
viability was determined by SRB assay after 48 h incubation with the appropriate drug-
containing media. (Adapted from Ref. [172] with permission)
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(A) Schematic illustration of the self-assembly of oligonucleotide-PTX conjugates. (B)
Molecular structure of the oligonucleotide-PTX conjugates. (C) MTT cytotoxicity assay of

nanoparticles self-assembled from oligonucleotide-PTX conjugates. (D) Efficacy for

antisense gene knockdown using PTX-devoid nanoparticles. (Reproduced from Ref. [191]

with permission)
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Figure 9.
Schematic illustration of Xu’s design of the enzyme-triggered formation of supramolecular

hydrogels. This particular precursor consists of a self-assembly promoting motif, an
enzyme-cleavable group, and a PTX drug molecule. After the enzymatic reaction, the PTX
derivative can spontaneously assemble into nanofibers in water that eventually entangle into
a self-supporting hydrogel. In the absence of enzyme (alkaline phosphatase, ALP), the
pregelator solution exhibits no defined nanostructure (A and D). Upon addition of ALP,
cleavage of the phosphate group triggers self-assembly (B and E), resulting in hydrogel
formation (C and F). (Adapted from Ref. [209] with permission)
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Table 1
Comparison of Taxol® and Abraxane®
Taxol® Abraxane®
Formulation Cremophor EL and dehydrated ethanol ~ Albumin NPs
Particle size N/A ~130 nm
MTD 240 mg/m? 300 mg/m?
Clinical Dosage 175 mg/m? 260 mg/m?
Administration iv.3h i.v. 30 min
Vg (L/m?) 227 632
Clearance (L/h/m?) 12.2 15
Cmax(ng/ml) 3,650 18,741
AUC (h*ng/ml) 15,007 17,434
tyz () 20.2 27

All values acquired from FDA website. MTD: the maximum tolerated dose; V: apparent volume of distribution; Cmax: Maximum Concentration;
AUC: plasma area under the curve; t1/2: half-life time. https://www.accessdata.fda.gov/drugsatfda_docs/label/2013/021660s037Ibl.pdf https:/
www.accessdata.fda.gov/drugsatfda_docs/label/2011/020262s0491bl.pdf
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Table 2

Summary of PTX-based formulations under clinical development
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Product Name Formulation Company Clinical Stage Therapeutic Indication
NK105 PEG-polyaspartate micelle NanoCarrier Phase I11 complete Metastatic breast cancer
CT-2103 Poly-(L)-Glutamic Acid-Paclitaxel conjugate Cell Therapeutics Phase Il complete  Primary peritoneal carcinoma
ANG 1005 Angiopep-2 Peptide conjugate Angiochem Phase 11 Glioma
LEP-ETU DOPC/cholesterol/cardiolipin liposome Neoﬁ.?}irgerL‘ii;:;nSys Phase 11 Metastatic breast cancer
Paxceed MPEG-PDLLA micelle Angiotech Pharmaceuticals Inc Phase 11 Rheumatoid Arthritis
OncoGel PLGA-PEG-PLGA Gel Protherics Phase Il/terminated Glioblastoma Multiforme
LOC-paclitaxel Linoleyl carbonate-Paclitaxel conjugate Luitpold Pharmaceuticas Phase I/terminated Melanoma
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