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Abstract: Cancer is the second leading cause of death worldwide. The main modality to fight against
cancer is surgery, radiotherapy, and chemotherapy, and more recently targeted therapy, gene therapy
and immunotherapy, which play important roles in treating cancer patients. In the last decades,
chemotherapy has been well developed. Nonetheless, administration of the drug is not always
successful, as limited drug dosage can reach the tumor cells.. In this context, the possibility to use
an encapsulated anti-cancer drug may potentially solve the problem. Liposomal cytarabine is a
formulation with pronounced effectiveness in lymphomatous meningitis and reduced cardiotoxicity
if compared to liposomal anthracyclines. Thus, the future liposomal cytarabine use could be extended
to other diseases given its reduction in cytotoxic side effects compared to the free formulation.
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This review summarizes the chemistry and biology of liposomal cytarabine, with exploration of its
clinical implications.
Keywords: DepoCyt; liposomal cytarabine; liposomal ara-C; liposomal cytosine arabinoside;
chemotherapy; cancer therapy

1. Introduction
Cancer has a major impact on society across the world. In 2018, an estimated 1.7 million new cases
of cancer will be diagnosed in the United States, and about six hundred thousand people will die from
the disease [1]. The major cause of cancer-related mortality is metastasis, for which a curative approach
is still lacking. Moreover, the use of chemotherapy is useful also in systemic treatment; regardless of
cancer has been metastasized [2]. However, drug delivery may not effectively target the desired site
or may have effects on healthy tissues causing adverse effects [3–5]. Thus, various formulations for
chemotherapeutic drugs have been developed [6,7].
Liposomes had been first described by a British hematologist Dr. Alec D. Bangham in 1961 at the
Babraham Institute, Cambridge. These were discovered when Dr. Alec Bangham and R. W. Horne
added a negative stain to dry phospholipids when testing the institute’s new electron microscope.
Two Greek words, ‘lipo’ (fat) and ‘soma’ (body), compose the word liposome and it is named so
because of its composition is similar to phospholipids. By encapsulating in spherical multivesicular,
biodegradable lipid-based particles known as DepoCyt, liposomal cytarabine is released gradually
after administration, thereby prolonging exposure of this drug in cerebrospinal fluid.
When querying Scopus database for “liposomal cytarab”, more than 550 documents were retrieved,
as the terms appeared first in 1990. From 2007 to 2013, there has been an exponential increase of
publications, while most of the documents were from the United States, followed by Germany and Italy.
Almost half of the documents belong to the field of medicine, and nearly a quarter from biochemistry
and pharmacology. Moreover, we searched for liposomal cytarabine in different databases, such us
PubMed, Scopus, Web of Science, Embase, Google Scholar. For this review we used these keywords:
liposomal Ara-C, liposomal cytosine arabinoside, liposomal cytarabine, DepoCyt, DepoCyte.
It is well reported that neoplastic meningitis is a feared complication in cancer patients, the median
survival ranging from some weeks to a few months. Management lie on palliative and aims to provide
symptoms of relief while delaying neurological deterioration. Intrathecal methotrexate and liposomal
cytarabine is the most widely used treatment in such clinical situations.
This article aims at discussing liposomal cytarabine in cancer therapy, starting from chemistry,
dealing with its source and bioavailability, and/or coming to preclinical studies as well as clinical trials.
A summarizing table can be consulted for an immediate overview (Table 1).
Table 1. Liposomal cytarabine clinical trials (ClinicalTrials.gov).
Phase

Treatment

Disease

Enrollment

Identifier

Phase 2

DepoCyt, methotrexate

Leptomeningeal metastasis of breast cancer

3

NCT00992602

Phase 2

DepoCyt

Not Applicable

DepoCyt, sorafenib

Phase 3

DepoCyt

Not Applicable

Vyxenos, liposomal
cytarabine, and
daunorubicin

Phase 3

Vyxenos, 7+3 (liposomal
cytarabine and
daunorubicin)

Lymphomatous or leukemic meningitis

4

NCT00523939

Neoplastic meningitis

2

NCT00964743

Leptomeningeal metastasis of breast cancer

74

NCT01645839

Untreated myelodysplastic syndrome,
acute myeloid leukemia, acute
biphenotypic leukemia, myelodysplastic
syndrome

48

NCT01804101

High risk of acute myeloid leukemia

309

NCT01696084
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2. Chemistry of Liposomes: From Models to New Applications
DepoCyt has been developed as a liposomal drug to better understand its therapeutic role in
humans and to explore the mechanism of DepoCyt configuration.
The setup of artificial models for the study of liposome has been developed with the primary aim
of an in vitro reconstitution of natural membrane functions. This was important for a deep investigation
of chemoreception and even in sensor engineering. Over the years, scientific literature of artificial lipid
membranes and, of course, liposomes, expanded and went beyond the initial purposes [8]. In this
paragraph, we focused on the state-of-the-art of artificial lipid models by discussing their multiple
applications and future perspectives [9,10].
One of the most intriguing fields of application for artificial membranes is drug delivery. The first
demonstration of its potential was with catecholamines in buffer-induced pH gradient from the inner
part of the liposome to the external environment [11]. This buffering method was then successfully
applied in the study of doxorubicin, idarubicin, and daunorubicin; up to now, differences in liposome
compound release were reported in relation with the hydrophobicity of the tested drugs [12,13].
Different approaches were reported to promote pH gradients using ionophores such as calcium acetate
and ammonium sulfate [14]. Moreover, when the tested drug was not compatible with the buffer/pH
approach (for example, hydrophobic molecules) the transition through metal complexation was proven
to be a good alternative model [15].
In addition to the pH gradients, functionalization of liposome surface may be required to improve
drug targeting. The most common approach involves the insertion of lipid-ligand conjugates within the
liposome membrane, either before (in situ) or following liposome formation [16]. When this approach
is not possible or suitable, the use of compounds inducing the functionalization of the lipid membrane
has been demonstrated to be effective [17].
These methods are still experimental and non-specific ligand-drug interactions are yet to be
addressed. In the modern approach ligands are designed to target membrane molecules mainly
expressed in cancer cells, this results in an increased affinity and in enhanced tailored internalization [15].
As a further advancement in liposome technology in cell–cell interaction experiments, colloidal
core–shell for lipid bilayer membranes were used for their stability and in a wide range of experimental
conditions [18] due to the structural electrostatic interactions [19]. Also, the usage of nano-cores
allowed the monitoring of liposome-core interactions at the molecular level even in cryoelectron
microscopy [20]. Nevertheless, this approach opened to the study of self-assembly dynamics revealing
potentially critical steps in the model [17,18].
Moving into the direction of drug discovery, the development of tools compatible with the
physiology of the host is the most intriguing topic. In the design of therapeutic liposomal approaches
to intracellular target, the interaction between the liposome and the lipid membrane can play a relevant
role in drug pharmacokinetics and in the consequent effectiveness of the treatment [21]. For example,
intracellular accumulation was reported in an experiment with quinolones such as ciprofloxacin [22].
Then, these molecules demonstrated to be strongly interactive with liposome membrane leading to
condensation, and even with minimal differences in molecular structure when involved in lipophilicity
alteration. [23].
Other compounds, such as azithromycin, are involved in chemical interaction with a specific
category of lipids. This was demonstrated in morphometric experiments in which the effect on the
bilayer was recorded only with phospholipid, but not with sphingomyelin [24]. Further experiments
explained the mechanism of interaction between azithromycin and the bilayer that specifically decreased
the lipid cohesion affecting the membrane elasticity [24]. This revealed a new possible application in
liposome-drug delivery using chemicals to induce drug incorporation.
The determination of drug efficiency in a membrane–drug interaction system could be affected
by various biases especially in the early phases and with charged molecules [25]. To overcome these
problems, different models based on ionic interaction on liposome membranes were set up [21].
Liposome models revealed to be particularly suitable in the analysis of passive drug delivery
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through membranes [26]. For example, amphiphiles drugs were demonstrated to form micelles
via hydrolyzation of ester links in phospholipid of membranes via a catalytic reaction. This reaction
can alter the phospholipid membrane and makes it fragment these results in micelle formation; this
mechanism is the first step of the drug penetration process [27].
Currently, many membrane delivery systems are based on drug-coated polymers, most of
them under patent. This technology is specifically designed for the interaction with phospholipidic
membranes and of course tested on artificial liposomes. A common mechanism of delivery is
the electrostatic interaction with lipid head which results in modulation of drug entrance into the
cytoplasm [28]. The use of these new approaches with reactive molecular species in cancer treatment
is still an ongoing issue and is currently investigated in membrane models even at the atomic level.
The theory followed in this case is different: the main goal is the formation of pores for the delivery of
the reactive molecules into cells by electric interaction [29].
Nanocolloids are emerging technologies with the capabilities to target intracellular areas. These
substances are naturally unstable and very difficult to manage in dynamic biological systems: this
is due to the elevated energy level and the tendency to particle aggregation [30]. Modification
of nanocolloids surface can overcome many of these problems, but this approach could not be
considered as definitive due to a variety of the possible outcomes (as unpredictable aggregation) [31].
In particular, unpredictable aggregation could be solved using water-soluble polymers coat [32] or
lipid encapsulation [33], although these approaches cannot overcome the intrinsic instability [34,35].
The routinely use of these innovations remains a challenge: however, the development of new
strategies can address a better knowledge of artificial membrane applications. As collateral evolution
of these systems, the use of encapsulated copolymer micelles conjugated to DNA was reported in the
embryogenetic study as a new promising tool [36].
The study and analysis of drug permeability is a hinge point in the drug development process
and is one of the most debated issues for future application of liposome technology. Preclinical and
clinical results on nanoformulated anti-cancer substances revealed promising results. The lower
toxicity and great efficacy of these systems compared to conventional chemotherapy will be strongly
appreciated [37]. However, one of the most challenging problems the drug development process faces
is bioavailability.
3. Bioavailability and Sources
Generally, there are multiple challenges in formulating therapeutic molecules for sustained
delivery to target organs. These bottlenecks include: (1) protecting the structural integrity of the
therapeutic molecule to maintain its bioactivity and stability, (2) obtaining high concentrations of
drug in the delivery particle to reach high bioavailability, (3) maintaining sustained blood drug
concentrations within the therapeutic range for an extended period of time without a burst effect
(the risk of exposing the patient to a local or temporal drug overdose [38], (4) checking drug release
length to meet a dosage regimen to accommodate with therapeutic needs, and (5) producing in vivo
biological effects that can be sustained during the desired period of time. Liposomal cytarabine can be
considered a carrier system that meets these challenges providing the sustained delivery of molecules
to target sites [39,40]. Accordingly, augmented permeability and retention, alleviated toxicity, and
improved pharmaceutical characteristics—such as bioavailability, stability, and solubility—are major
advantages of nano drugs [41]. DepoCyt is composed of lipid nanoparticles that contain Ara-C
(4-amino-1–β -d-arabinofuranosyl-2(1H)-pyrimidinone, also known as cytosine arabinoside), which is
a cytosine analog with arabinose sugar that kills cancer cells by interfering with DNA synthesis [42].
DepoCyt is administered via direct injection into the spinal canal, or into the subarachnoid space for
the intrathecal treatment of lymphomatous meningitis [43]. Ara-C has a short plasma half-life, low
lipophilicity and stability, and limited bioavailability. Some efforts have been devoted to enhancing the
low bioavailability and stability of Ara-C [44]. These efforts can be divided into two major categories
depending upon formulation and modification: prodrugs and drug delivery systems. The prodrug
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dioleoyl phosphatidylcholine (Figure 1) [46].

Figure 1. Schematic diagram of liposome structure. The inner part shows the cytarabine molecule.
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increasing the Ara-C half-life and consequently in the treatment of lymphomatous meningitis (see
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system (CNS), leading to improved patient response and reduced disease progression [48].
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high ability of inhibiting tumor cell growth. On the same line, a novel nanoformulation of cytarabine
prepared by polysorbate 80 lipid conjugate was able to reduce cell viability of EL-4 cells, a model of
murine T cell lymphoma [52]. Another work analyzed the encapsulation efficiency of cytarabine
(and methotrexate) obtained by modified reverse-phase evaporation method through the use of the
UV–vis and NMR [53]. The authors showed that cytarabine encapsulation efficiency was 86.30% and
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evaporation method through the use of the UV–vis and NMR [53]. The authors showed that cytarabine
encapsulation efficiency was 86.30% and suggested that this was a novel stable and potentially
therapeutic preparation of cytarabine liposomes. Differently, a self-assembly multidrug copolymer
loaded with cytarabine was prepared from random copolymer and the loading efficiency was 28.7 wt
% [54]. In another research gelatin type, A nanoparticles crosslinked with genipin were loaded with
cytarabine [55]. The UV spectral study demonstrated the stability and integrity of cytarabine even in
highly acidic medium. Similarly PEGylated poly(lactic-co-glycolic acid) nanoparticles were loaded
with cytarabine, again underling the ability of this new nanocarrier to be stable and with sustained
phase release [56]; in addition, this nanoformulation was greatly internalized by the L1210 (mouse
lymphocytic leukemia) cells suggesting beneficial effects in leukemia therapy [57].
5. Liposomal Drugs in Cancer
Cancer is one of the most destructive diseases and a leading cause of death in the world. Many
therapeutic strategies are available to treat cancer such as chemotherapy, radiation treatment, surgery,
etc. [58,59]. Combination therapy is a well-known and used approach for the treatment of cancer.
The co-delivery of chemotherapeutic drugs and genes can provide a promising strategy to overcome
drug resistance in cancer therapy.
Nanotechnology has an important function in cancer therapy indeed nanovectors such as
liposomes, micelles, carbon nanotubes, metal nanoparticles, dendrimers, and natural and polymer-drug
conjugates can be used. Nanotechnology is the application of a scientific knowledge that can
transport drugs between different environments, and setting and liposomes are concrete examples
of nanotechnology. They show great promise, among the various investigated delivery systems.
Nanotechnology covers several research fields [60–62], but one area—nanoparticle-based drug
delivery—has the potential to solve some limitations encountered in cancer therapies. The basic target
of liposomal drug delivery is to deliver the therapeutic agent preferentially near to the tumor site
through the improved permeability effect [63]. Ligand-targeted liposomes have the potential to impact
the development of new therapies to cancer treatment. However, these highly engineered liposomes
have been produced new problems, such as accelerated clearance from circulation, compromised
targeting owing to non-specific serum protein binding, and hindered tumor penetration [63].
The first clinical interesting work on liposomes analyzed liposomal amphotericin B (Ambisome1),
which was used for fungal infections. This drug system received clinical approval in 1990. Liposomes are
frequently obtained from naturally occurring phospholipids and cholesterol. Liposomal nanoparticles
have been designed to be multifunctional, with different components that provide control over
such characters as permeability, biodistribution, elimination half-lives, and targeting specificity [64].
Moreover, liposomes have poor extravasation in tissues with tight endothelial junctions, and this fact
can result in side effects decrease of the liposomal drug if compared to the free drug [65].
The first report of the improved in vivo activity of liposome-entrapped drugs conducted in animal
models used cytosine arabinoside, an anti-cancer drug, which significantly increased survival time of
mice with leukemia. Consequently, this became a popular model system for analyzing the effects of
liposomes on therapeutic outcomes [65].
Numerous anticancer drugs have inappropriate pharmaceutical and pharmacological features
such as low aqueous solubility, irritant properties, lack of stability, rapid metabolism, unfavorable
pharmacokinetics, and non-selective drug distribution [64]. Moreover, these features can lead to
adverse consequences such as lack of or suboptimal therapeutic activity, dose-limiting side effects and
poor patient quality of life [64]. Nanoscale drug delivery systems, defined as drug delivery systems
with particle diameters of approximately 100 nm or less, are a promising technology which is attracting
considerable attention as a means of overcoming most of the limitations of conventional anticancer
drugs. Generally, conventional drugs are small molecules under 500 Da, and these small molecules
can be quickly affected by clearance and suboptimal distribution, resulting in toxic side effects. Also,
high polarity drugs commonly have low intracellular absorption and limited effects. Therefore,
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drug encapsulation in delivery systems is an efficient approach to improve the pharmacokinetics of
hydrophilic drugs. In the past years, hydrophilic drug encapsulation in polymer-based nanoparticles
has shown that this technology could provide a better pharmacokinetic profile and bioavailability,
increasing the therapeutic effect and reducing toxicity compared to standard drug [43]. It is worth
noting that the reticuloendothelial system can clear liposomes as they can be bound by proteins, such
as complement and immunoglobulins.
The liposomal co-delivery system has become a promising technology for cancer therapies. This
system is especially challenging regarding costs, and it seems that pharmaceutical companies are
interested in developing this new type of drug. The biggest challenge in drugs and gene agents
co-delivering is to obtain applicable carriers, since gene agents have a higher molecular weight and
negatively charged surface, while mostly used anti-cancer drugs are small hydrophobic molecules [59].
Liposome-based drug delivery systems have been used in several experimental cancer-research
and clinical trials [66], and various patents are based on the same [67]. Some examples of the
active ingredients of the liposomal formulations used as anti-cancer treatment are daunorubicin [68],
doxorubicin [69,70], all-trans retinoic acid [71], mitoxantrone [72], irinotecan [73], and paclitaxel [74].
Parallel research has improved the stability and efficiency of drug entrapment in liposomes,
particularly regarding cationic amphiphiles which have a long-circulating time and enhanced
accumulation in tumors [75].
Nonetheless, limitations of active targeting of liposomes to tumor cells have been observed,
from both formulation and/or pharmacology point of view. Liposomal systems can be clinically
delusive since they are dynamic, constantly equilibrating, self-assembled entities whose shape and
surface chemistry are ill-defined, especially when placed into the biological milieu where equilibration
reactions occur with lipid membranes. [76].
More studies on liposome-encapsulated anticancer drugs are necessary to compare their increased
efficacy and tolerability to their non-liposomal counter parts [64].
6. Liposomal Cytarabine
6.1. Preclinical Data and Research
The preclinical data continuously provide novel compounds and thus complement clinical studies
with potentially valuable active drugs. In general, preclinical research is barely successfully translated
into clinical practice: the difficulty also comes from the pathophysiologic differences in human cancers.
Thus, drug delivery efficiency is limited by blood–tumor barrier permeability which depends on tumor
type, size, and location.
In addition, the mechanism of action of liposomal cytarabine is strictly related to its main
constituent, i.e., cytarabine that belongs to the class of antimetabolites. Cytarabine (molecular formula:
C9 H13 N3 O5 ) interferes with DNA synthesis, acting on DNA/RNA polymerase (and other nucleotide
reductase enzymes), reducing cell ability to replicate [77]. Of course, with the addition of cytarabine to
liposome, it is facilitated its entrance to the cell, as already described in paragraphs 2 and 3. Thus, the
effects of cytarabine on cell cycle process play a key role on cell survival, blocking S phase.
This first work exploring the use of cytarabine dated back to 1961, when Evans and collaborators
studied 1-β-d-Arabinofuranosylcytosine hydrochloride in mice tranplanted with Sarcoma 180, Ehrlich
carcinoma, and L-1210 leukemia cells [78]. The authors showed a great mice response to the drug, even
if the replication of experiments in rats led to no therapeutic effect, introducing an animal-sensibility.
A couple of years later, 1-β-d-Arabinofuranosylcytosine hydrochloride was experimentally used in
humans, where it induced a decrease of tumor masses in three patients affected by lymphosarcoma and
where it was partially effective in 2 out of 10 treated patients with disseminated carcinomatosis [79].
Later, marine-derived natural product Ara-C was first used in human disease in 1974 [80,81].
Many liposomal nanotherapeutics are being evaluated preclinically, and it has been proved that they
possess great potential in vitro and in vivo animal models. Liposomal carriers of many anti-neoplastic
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in the central nervous system, peripheral tissues, cerebrospinal fluid, blood, urine, and feces at
various time points up to 504 h. They concluded that after injection, both radiolabels distributed
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blood, urine, and feces at various time points up to 504 h. They concluded that after injection, both
radiolabels distributed rapidly throughout the neuraxis and had similar biphasic kinetics profiles. Thus,
levels of drug and lipid radiolabels declined in a biphasic manner from cerebrospinal fluid and plasma,
with an initial rapid decline over the first 96 h, followed by a much slower rate of decline out to 504 h.
The free Ara-C showed greater diffusion mobility in the central nervous system than the lipid particles
according to the greater cisternal: lumbar ratio for 3 H than for I4 C isotopes. 3 H and 14 C labels were
subsequently distributed into the systemic circulation, and their concentrations had similar patterns in
plasma and urine since both radioisotopes were detected 5 min after intrathecal dose administration.
Their levels peaked at 160 min and then declined similarly, but they were still present at 504 h in both
plasma and urine. The plasma analyses showed that the majority of radiolabeled lipids remained
as phospholipids (>90%) and a smaller amount was metabolized to radioactive monoglycerides and
fatty acids. In contrast, the 3 H radiolabel occurred in plasma as metabolized Ara-C, uracil arabinoside.
According to urine analyses results, more than 90% of the original 3 H dose was excreted in urine, by
Ara-C clearance in humans [92].
In contrast, the majority of the 14 C-DOPC was catabolized, and the greatest percentage of the
phospholipids was expired as 14 CO2 . Smaller doses remained incorporated in the central nervous
system (7%) and peripheral tissues (8%), while only 6% of the 14 C dose was excreted in the urine.
Systematic examination of a variety of peripheral organs revealed low (approximately 10% of the dose)
or background concentrations of both followed isotopes at all-time points. Finally, a very low level of
3 H, but not 14 C, was found in feces [90].
To determinate the optimal route to deliver 14 C-cytosine arabinoside (Ara-C), Groothuis et al. [80]
evaluated the intravenous, intrathecal, and intraventricular infusions and convection-enhanced delivery
of the radiolabeled drug into the caudate nucleus of rat brain. It was shown that drug concentration
was maximal after direct infusion into the brain, up to 10,000 times higher than after intravenous
administration. Also, the drug levels were higher after intrathecal and intraventricular infusions in
comparison to intravenous delivery. The intrathecal, intraventricular, and convection-enhanced routes
produced local distribution patterns with large tissue concentration gradients, which may be relevant
to therapeutic applications. It was assumed that brain cells absorb Ara-C, since its loss from brain
occurred more slowly than predicted by efflux across the brain-blood barrier. Ara-C was metabolized
by the brain with significant accumulation of uracil arabinoside after intravenous administration.
Surprisingly, this metabolite was found in the brain after direct infusion as well [93]. Intravenously
administered Ara-C showed initial and terminal half-lives of 1.9 and 46.5 min which was in agreement
with previously reported values in dogs [94]. Furthermore, the study on dogs and rats demonstrated
that the volume of drug distribution is much larger when the drug is administrated into brain white
matter in comparison to the infusion of Ara-C into the grey structure [93].
In vitro studies have shown that antitumor activity of tested drugs can be improved when
cytotoxic agents are applied in combination. Thus, Vyxenos (CPX-351), the liposomal combination of
antineoplastic drugs Ara-C /daunorubicin which is widely used for the treatment of acute myeloid
leukemia, was evaluated in many studies before clinical utilization. The development of this formulation
was based on the synergistic analyses of Ara-C and daunorubicin in a wide range of leukemia tumor
models. In such a way, these two drugs demonstrated retention of synergy on multiple leukemic and
solid-tumor cell lines in vitro [95] and proved to be synergistic in murine models of hematological
malignancies after intravenous infusion [96]. Additionally, it was shown that the molar ratio of
free Ara-C/daunorubicin represented only a small fraction (less than 0.1%) of the encapsulated drug
concentrations throughout 40 h due to their leak into the systemic circulation. Also, it was pointed
out that uptake of liposomes of Ara-C/daunorubicin decreases as a body weight increases across
species [96].
Another preclinical screening of Vyxenos demonstrated notably cytotoxic potential against a
wide range of leukemia cell types freshly isolated from patient’s biopsies (peripheral blood or bone
marrow) [81]. Carol et al. [97] suggested that Vyxenos may be a promising chemotherapeutic to be
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utilized in the treatment of acute lymphoblastic leukemia since this formulation has demonstrated
significant anti-leukemic activity in vivo against five childhood acute lymphoblastic leukemia xenograft
models. Vyxenos treatment of mice provided evidence of significant delay in tumor progression,
especially in four B-lineage xenografts in a dose which suggests clinically relevant plasma drug
exposure and thus, supported the conduction of an ongoing phase I trial in children with relapsed
acute lymphoblastic and acute myeloid leukemia. Also, it is important to note that the pharmacokinetic
parameters for Vyxenos are dose-independent in both preclinical and clinical studies [97].
Preclinical testing of efficacy and dependence ratio of Ara-C and daunorubicin in 15 tumor
lines in vitro confirmed the superiority of drug delivery system when the molar ratio of Ara-C and
daunorubicin is fixed at 5:1. The highest efficacy drug ratio-synergy was achieved in a P388 leukemia
model where the drugs were administrated in liposomes at molar ratios ranging from 1:1 to 10:1 for
Ara-C and daunorubicin, respectively. The maximal percent of survival of P388 ascites tumor-bearing
mice was noted after administration of the liposomal combination at a 5:1 ratio which produced 100%
long-term survival. In contrast, only 50% of long-term survival was observed after delivery of the
drugs at a 3:1 molar ratio [84]. Tardi et al. [95] clarified that 5:1 molar ratio of Ara-C and daunorubicin
in Vyxenos was maintained in the plasma and bone marrow of leukemia-bearing mice for more than
24 h in vivo and thus increased survival of tested animals in comparison to conventional Ara-C and
daunorubicin. Also, the molar ratio 5:1 of Ara-C/daunorubicin was maintained in plasma for up to
48 h after infusion to rats and dogs [86].
It was published that Vyxenos, with a mean diameter of 107 nm and strong negative surface
potential, consists of gel-phase bilamellar liposomes [98]. Ara-C and daunorubicin interact with
Cu(II), and nanoscale liposomes were engineered so that co-encapsulated synergistic molar ratio 5:1 of
Ara-C: daunorubicin can form Cu(II) mediated drug loading mechanism. It was confirmed that the
interactions of both drugs with Cu(II) gluconate/triethanolamine-based buffer system plays a role in
the maintenance of the 5:1 Ara-C: daunorubicin ratio within the Vyxenos. Overall, Cu(II) coordination
was found to be critical for the retention of both drugs inside the formulation [86,98].
6.2. Clinical Use
Ara-C, a pyrimidine nucleoside-based anticancer drug with arabinose sugar, is in general used for
the treatment of hematological malignancies. Inside this wide category, acute myeloid leukemia (AML),
acute lymphocytic leukemia [15], non-Hodgkin’s lymphoma (NHL), chronic myelocytic leukemia
(blast phase) can be included [99,100]. Ara-C is frequently used in combination with daunorubicin,
doxorubicin, or vincristine, and less commonly alone for the treatment of many malignancies [77].
Differently, Ara-C as a liposomal drug is used in lymphomatous meningitis, and this is the
only approved indication by Food and Drug Administration (FDA) and EMA (European Medicines
Agency) (Figure 2). However liposomal forms of Ara-C are scarcely used if compared to liposomal
anthracyclines, which have a pronounced advantage, the reduced cardiotoxicity. This underlines a
deficiency in DepoCyt clinical studies for different diseases.
DepoCyt has a long sustained-release due to being encapsulated in multivesicular lipid-based
particles. It is directly injectable as a suspension into the cerebrospinal fluid (CSF) via the lumbar sac
or via the intraventricular reservoir, slowly over 1–5 min. Depending on the dosing regimen, DepoCyt
can be given as scheduled for induction therapy, consolidation therapy, and maintenance. In the first
case, the drug is intrathecally-administered every 14 days for 2 doses at weeks 1 and 3. In the second
case, DepoCyt is intrathecally-administered every 14 days for 3 doses at weeks 5, 7, 9 followed by one
additional dose at week 13. In case of maintenance, patients can be treated intrathecally every 28 days
for 4 doses at weeks 17, 21, 25, 29. To diminish side effects or allergic phenomena, DepoCyt is preceded
by corticosteroids administration for 5 days before injection [101].
As for all drugs, side effects can also arise with DepoCyt, and serious adverse reaction should
be carefully evaluated as early as the first administration. Indeed, the most worrying reaction is
arachnoiditis, a burdensome inflammation of the middle layer of membranes of the central nervous
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system. Arachnoiditis manifests mainly by headache, vomiting, nausea, and fever (it is potentially fatal
if untreated) and has been reported as a common adverse event in all studies that tested DepoCyt. Also,
neurotoxicity and transient elevations in CSF protein and CSF white blood cells can be observed. From a
patient point of view, there are frequent reports of headache, nausea, vomiting, weakness, confusion,
pyrexia, fatigue, constipation, back pain, gait abnormal, convulsion and other infrequent symptoms,
plus of course arachnoiditis. When concomitant radiation or chemotherapy is associated with DepoCyt
in patients with neoplastic meningitis, the risk of adverse effects increases exponentially [101]. Of note
that clinicians can limit the severe effects of arachnoiditis with the appropriate administration of
drugs such as corticosteroids, antispasmodic drugs, anti-convulsants, and in some cases narcotic pain
relievers. Table 2 summarizes the clinical studies of DepoCyt.
Table 2. Clinical studies of DepoCyt
Study Type

Treatment

Disease

Results

Ref.

Well-tolerated toxicity, duration of
response with a median of over 11
weeks

[102]

The therapeutic intra-lumbar
concentration of free Ara-C was
maintained for up to 14 days

[90]

Phase I

Intraventricular

Leptomeningeal metastasis

Phase I

Intrathecal

Neoplastic meningitis

Phase I

Intra-lumbar

Leptomeningeal metastasis

Extended free Ara-C
concentrations

[103]

Phase II

Intrathecal

Leptomeningeal metastasis

Well-tolerated toxicity, systemic
high-dose methotrexate +
liposomal cytarabine

[104]

Increased time to neurological
progression. Median survival was
105 days with DepoCyt and 78
days with methotrexate

[105]

Extended exposure compared
with standard Ara-C

[47]

Randomized controlled
trial

Intrathecal

Neoplastic meningitis

Open-label study

Intraventricular or
lumbar puncture

Leukemia, lymphoma, or solid
tumors as part of a
phase III study

Case-report

Intrathecal

Secondary diffuse
leptomeningeal gliomatosis

Improvement of the clinical status

[106]

Retrospective case series

Intraventricular

Leptomeningeal metastasis

Well tolerate toxicity, in general

[89]

These clinical data were obtained from different studies, and as far back as 1993 phase, I studies
proposed the human experimentation of DepoCyt in patients with neoplastic meningitis [90,102].
One of these studies reported that single lateral ventricle injection could maintain a therapeutic drug
concentration of DepoCyt in the CSF for a period of 9 +/− 2 days, while intra-lumbar administration
was maintained for up to 14 days [90]. The authors claimed that DepoCyt permitted patients treatment
once every 2 weeks, greatly enhancing drug efficacy (7 patients out of 9 showed cytologic responses).
Moreover, the minimum cytotoxic Ara-C concentration (0.1 µg/mL) was observed for a period of >14
days. The same research group produced an additional work that analyzed the clinical effects of
DepoCyt: 9 patients were subjected to 1 to 7 cycles in doses ranging from 25 to 125 mg [102]. It has
been shown that toxic episodes were transient and reversible (except one) and consequently well
tolerated, thanks to malignant cells cleaning in most patients within 3 weeks of initial therapy. Also,
DepoCyt did not evade CSF, as measurable plasma concentration of Ara-C or its metabolite uracil
arabinoside was virtually absent (detection limit of 0.25 µg/mL). These results gave input to the use
of DepoCyt. Indeed they decisively demonstrated a pure pharmacokinetic advantage if compared
to unencapsulated intrathecally-administered Ara-C [107]. Later in 1995, the same study group
demonstrated that intra-lumbar administration of DepoCyt guaranteed sufficient cytotoxic Ara-C
concentrations in both lumbar and ventricular regions and permitted a scheduled drug administration
every 14 days [103]. A more wide and randomized study investigated DepoCyt versus free Ara-C in
28 patients with lymphoma and positive CSF cytology [108]. DepoCyt 50 mg every 2 weeks or Ara-C
50 mg twice a week were evaluated for 1 month (induction therapy) and both consolidation (3 months)
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and maintenance therapy (4 months) were administered to patients without neurologic progression
and CSF cytologically negative after treatment. The study demonstrated a response rate of 71% vs. 15%,
a time to neurologic progression of 78.5 vs. 42 days and survival trend of 99.5 vs. 63 days, for DepoCyt
and free Ara-C, respectively. Also, the better quality of life was sustained by DepoCyt, as measured by
the Karnofsky score. Similarly, another randomized trial compared DepoCyt to methotrexate (both
administered by intrathecal injection) in 61 patients with neoplastic meningitis [105]. Again, this study
underlined as DepoCyt increased the time to neurological progression if compared to methotrexate
and emphasized as DepoCyt was administered in less frequent drug-dosing with the same response
rate of methotrexate. More recently, the pharmacokinetics of DepoCyt intrathecal administration up to
14 days was evaluated (as part of a phase III study), afresh showing as DepoCyt reached cytotoxic
concentrations of Ara-C (>0.02 µg/mL) in CSF with the constant release of Ara-C from the DepoCyt
particles [47]. A case report investigating the effects of intrathecally-administered DepoCyt in a diffuse
leptomeningeal gliomatosis (due to a glioma-infiltrating leptomeninges) showed that induction and
consolidation therapies improved patient clinical status [106]. The result of this case report does
not differ substantially from the previous studies, but still highlights once again the effectiveness of
DepoCyt in leptomeningeal neoplasia. A retrospective work of Chamberlain (the same author of
the first clinical studied on DepoCyt) summarizes the neurotoxicity of DepoCyt in a small group of
patients (12.5%) [89]. Bacterial meningitis, chemical meningitis, communicating hydrocephalus, conus
medullaris/cauda equina syndrome, decreased visual acuity, encephalopathy, leukoencephalopathy,
myelopathy, radiculopathy, and seizures were observed in 120 patients treated for leptomeningeal
metastasis. Even if well tolerated, DepoCyt can have serious side effects: this should always prompt
stringent clinical observation, waiting for rapid identification of the patients’ subgroup suffering
neurological complications. Table 3 summarizes the clinical efficacy of DepoCyt.
Table 3. Clinical efficacy of DepoCyt
Study Type

No. of Patients

Results

Reference

Phase I

9

Duration of response: 2–14 weeks, median 11

[102]

Phase I

12

Therapeutic intralumbar concentration of free
cytarabine maintained for 14 days

[90]

Phase I

8

Lumbar and intraventricular max concentration
of free cytarabine: 226 and 6.06 mg/L; half-life,
277 and 130 h, respectively

[103]

Phase I

18 children (3–21 years)

Prolonged disease stabilization or response: 14
patients
Maximum-tolerated dose: 35 mg

[109]

Randomized controlled
trial

31 treated with D, 30
with M

Median survival: 105 days (D), 78 days (M)
Median time to neurological progression: 58 (D)
vs 30 (M) days
Neoplastic meningitis-specific survival: 343 (D)
versus 98 (M) days
Adverse events: comparable D vs. M

[105]

Open-label study

8

Concentration of free and encapsulated
cytarabine in the ventricular and lumbar CSF:
0.01 to 1500 µg/mL

[47]

Case-report

1

Duration of response with D: 6 months

[110]

Retrospective case series

120

D well tolerated, but 12.5% had serious
treatment-related neurological complications

[89]

There are numerous studies on the therapeutic efficacy of DepoCyt, but in our opinion it is not
sufficiently remarked the positive effects of the drug on humans, if compared to other pharmacological
options. DepoCyt (encapsulated cytarabine) was superior in multiple aspects compared to free
cytarabine. Probably the most important one is related to the clinical practice and to patient benefit.
It is not necessary to constantly infuse the drug in CNS if the doctor uses DepoCyt, as the concentration
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reached is higher and longer enough to guarantee a real advantage [111–113]. Undoubtedly, this has
decreased infection risk, higher when using a prolonged perfusion of a substance in a such sensitive
compartment. Another DepoCyt advantage is that it has been revealed to have a sustained therapeutic
concentration in CNS up to 14 days [90,113]. Moreover, in intraventricular dosing, the concentration
difference between free and encapsulated cytarabine within 5 h ranged from 1.5 to 116 µg/mL and
from 3.8 to 779 µg/mL, respectively. From post-dose day 1 to 14, the concentration ranged from
0.01 to 4.2 µg/mL and from 0.01 to 28.6 µg/mL, respectively. After day 14, the concentration ranged
from 0.01 to 8.23 µg/mL and from 0.07 to 213 µg/mL, respectively. Differently in lumbar dosing, the
concentration difference between free and encapsulated cytarabine within 5 h ranged from 0.1 to
79 µg/mL and from 2.82 to 1540 µg/mL, respectively. From post-dose day 1 to 14, the concentration
ranged from 0 to 0.3 µg/ml and from 0.02 to 5.15 µg/mL, respectively [47]. It is perceivable as DepoCyt
can reach a significant concentration in CSF and importantly it maintains this concentration higher
than free cytarabine [47]. In vitro studies with multiple cancer cell lines with cytarabine for 24 h
showed that the minimum cytotoxic concentration for cytarabine was 0.1 µg/mL, clearly in line with
the data above. Another advantage of DepoCyt is half-life elimination: elimination half-life of free
cytarabine after intra-CSF injection of DepoCyt is several times longer than after intra-CSF injection
of free cytarabine [47]. Taken together, all these data suggest that DepoCyt is firmly better than free
cytarabine and advocate for its rational use in patients with neoplastic meningitis.
Of note, in 2017 FDA approved Vyxenos, the dual-drug liposomal combination of daunorubicin
and Ara-C (above described) for the treatment of acute myeloid leukemia [114–116]. The drug
guarantees a synergistic ratio (fixed 5:1 molar ratio of Ara-C and daunorubicin) for over 24 h after
intravenous injection in the plasma and is based on CombiPlex platform, i.e., a technology-based
system for the development of drug combinations that involves a dual-drug screening. This system is
suitable for preclinical evaluation (determining synergistic drug ratios in vitro) of new compounds
making the drug development process more rapid and efficient.
As suggested above, liposomal cytarabine was very recently studied in 19 patients affected by
neoplastic meningitis to understand if sustained cytotoxic cerebrospinal fluid (CSF) concentrations
were still available after 14 days from drug injection [113]. The aim was to compare short peak
concentration to lower cytarabine concentration in CSF and the authors effectively showed that the
2 methods are clinically equivalent for liposomal cytarabine.
7. Future Perspectives
To date, liposomal Ara-C shows poor usage in human diseases, this may be due to the side
effects. However liposomal Ara-C shows a different pharmacological profile compared to Ara-C
and reserves great promise for its future. Preclinical data suggest that liposomal Ara-C is ready for
subsequent experimentation in the clinic. Only novel clinical trials could lay the basis for greater use
of liposomal Ara-C.
8. Conclusions
Encapsulated Ara-C is a valid delivery formulation that could represent a great promise as an
effective anti-cancer agent. Its current use in lymphomatous meningitis could be potentially expanded.
However, liposomal Ara-C has been recently (July 2017) discontinued at least in the USA due to
product-specific manufacturing problems. This fact limits the future application of the drug, but not
all is lost. New research and impulses dedicated to this agent or class of drugs may reserve a striking
impact on cancer therapy.
Author Contributions: All authors contributed equally to this work. R.P., M.R., W.C.C., J.S.-R., P.K., and N.M.,
reviewed the manuscript. All the authors read and approved the final manuscript.
Funding: This research received no external funding.

Biomolecules 2019, 9, 773

14 of 19

Acknowledgments: N. Martins would like to thank the Portuguese Foundation for Science and Technology
(FCT–Portugal) for the strategic project ref. UID/BIM/04293/2013 and “NORTE2020—Programa Operacional
Regional do Norte” (NORTE-01-0145-FEDER-000012). M. Martorell would like to thank the support offered by
CONICYT PIA/APOYO CCTE AFB170007.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

4.
5.

6.

7.

8.
9.
10.

11.

12.

13.

14.
15.

16.
17.
18.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA 2018, 68, 7–30. [CrossRef]
Salehi, B.; Zucca, P.; Sharifi-Rad, M.; Pezzani, R.; Rajabi, S.; Setzer, W.N.; Varoni, E.M.; Iriti, M.; Kobarfard, F.;
Sharifi-Rad, J. Phytotherapeutics in cancer invasion and metastasis. Phytother. Res. 2018. [CrossRef]
[PubMed]
Barabadi, H.; Alizadeh, A.; Ovais, M.; Ahmadi, A.; Shinwari, Z.; Muthupandian, S. The efficacy of
green nanoparticles against cancerous and normal cell lines: A systematic review and meta-analysis.
IET Nanobiotechnol. 2017, 12, 377–391. [CrossRef] [PubMed]
Barabadi, H.; Ovais, M.; Shinwari, Z.K.; Saravanan, M. Anti-cancer green bionanomaterials: Present status
and future prospects. Green Chem. Lett. Rev. 2017, 10, 285–314. [CrossRef]
Mishra, A.P.; Salehi, B.; Sharifi-Rad, M.; Pezzani, R.; Kobarfard, F.; Sharifi-Rad, J.; Nigam, M. Programmed
Cell Death, from a Cancer Perspective: An Overview. Mol. Diagn. Ther. 2018, 22, 281–295. [CrossRef]
[PubMed]
Yang, J.; Su, H.; Sun, W.; Cai, J.; Liu, S.; Chai, Y.; Zhang, C. Dual Chemodrug-Loaded Single-Walled Carbon
Nanohorns for Multimodal Imaging-Guided Chemo-Photothermal Therapy of Tumors and Lung Metastases.
Theranostics 2018, 8, 1966. [CrossRef]
Leriche, G.; Cifelli, J.L.; Sibucao, K.C.; Patterson, J.P.; Koyanagi, T.; Gianneschi, N.C.; Yang, J. Characterization
of drug encapsulation and retention in archaea-inspired tetraether liposomes. Organ. Biomol. Chem. 2017, 15,
2157–2162. [CrossRef]
Siontorou, C.G.; Nikoleli, G.P.; Nikolelis, D.P.; Karapetis, S.K. Artificial Lipid Membranes: Past, Present, and
Future. Membranes 2017, 7, 38. [CrossRef]
Weissig, V. Liposomes Came First: The Early History of Liposomology. Methods Mol. Biol. 2017, 1522, 1–15.
Riaz, M.K.; Riaz, M.A.; Zhang, X.; Lin, C.; Wong, K.H.; Chen, X.; Zhang, G.; Lu, A.; Yang, Z. Surface
Functionalization and Targeting Strategies of Liposomes in Solid Tumor Therapy: A Review. Int. J. Mol. Sci.
2018, 19, 195. [CrossRef]
Bally, M.B.; Mayer, L.D.; Loughrey, H.; Redelmeier, T.; Madden, T.D.; Wong, K.; Harrigan, P.R.; Hope, M.J.;
Cullis, P.R. Dopamine accumulation in large unilamellar vesicle systems induced by transmembrane ion
gradients. Chem. Phys. Lipids 1988, 47, 97–107. [CrossRef]
Fatima, M.T.; Islam, Z.; Ahmad, E.; Barreto, G.E.; Md Ashraf, G. Ionic gradient liposomes: Recent advances in
the stable entrapment and prolonged released of local anesthetics and anticancer drugs. Biomed. Pharmacother.
2018, 107, 34–43. [CrossRef] [PubMed]
Ma, P.; Dong, X.; Swadley, C.L.; Gupte, A.; Leggas, M.; Ledebur, H.C.; Mumper, R.J. Development of
idarubicin and doxorubicin solid lipid nanoparticles to overcome Pgp-mediated multiple drug resistance in
leukemia. J. Biomed. Nanotechnol. 2009, 5, 151–161. [CrossRef] [PubMed]
Gubernator, J. Active methods of drug loading into liposomes: recent strategies for stable drug entrapment
and increased in vivo activity. Expert Opin. Drug Deliv. 2011, 8, 565–580. [CrossRef] [PubMed]
Abraham, S.A.; McKenzie, C.; Masin, D.; Ng, R.; Harasym, T.O.; Mayer, L.D.; Bally, M.B. In vitro and in vivo
characterization of doxorubicin and vincristine coencapsulated within liposomes through use of transition
metal ion complexation and pH gradient loading. Clin. Cancer Res. 2004, 10, 728–738. [CrossRef] [PubMed]
Vabbilisetty, P.; Sun, X.-L. Liposome surface functionalization based on different anchoring lipids via
Staudinger ligation. Org. Biomol. Cem. 2014, 12, 1237–1244. [CrossRef] [PubMed]
Nobs, L.; Buchegger, F.; Gurny, R.; Allémann, E. Current methods for attaching targeting ligands to liposomes
and nanoparticles. J. Pharm. Sci. 2004, 93, 1980–1992. [CrossRef]
Richter, R.P.; Bérat, R.; Brisson, A.R. Formation of solid-supported lipid bilayers: an integrated view. Langmuir
2006, 22, 3497–3505. [CrossRef]

Biomolecules 2019, 9, 773

19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
40.

15 of 19

Troutier, A.-L.; Ladavière, C. An overview of lipid membrane supported by colloidal particles. Adv. Colloid
Interf. Sci. 2007, 133, 1–21. [CrossRef]
Mornet, S.; Lambert, O.; Duguet, E.; Brisson, A. The formation of supported lipid bilayers on silica
nanoparticles revealed by cryoelectron microscopy. Nano Lett. 2005, 5, 281–285. [CrossRef]
Peetla, C.; Stine, A.; Labhasetwar, V. Biophysical interactions with model lipid membranes: applications in
drug discovery and drug delivery. Mol. Pharm. 2009, 6, 1264–1276. [CrossRef] [PubMed]
Michot, J.-M.; Seral, C.; Van Bambeke, F.; Mingeot-Leclercq, M.-P.; Tulkens, P.M. Influence of efflux transporters
on the accumulation and efflux of four quinolones (ciprofloxacin, levofloxacin, garenoxacin, and moxifloxacin)
in J774 macrophages. Antimicrob. Agents Chemother. 2005, 49, 2429–2437. [CrossRef] [PubMed]
Bensikaddour, H.; Snoussi, K.; Lins, L.; Van Bambeke, F.; Tulkens, P.M.; Brasseur, R.; Goormaghtigh, E.;
Mingeot-Leclercq, M.-P. Interactions of ciprofloxacin with DPPC and DPPG: fluorescence anisotropy,
ATR-FTIR and 31 P NMR spectroscopies and conformational analysis. Biochim. Biophys. Acta 2008, 1778,
2535–2543. [CrossRef] [PubMed]
Fa, N.; Lins, L.; Courtoy, P.J.; Dufrêne, Y.; Van Der Smissen, P.; Brasseur, R.; Tyteca, D.; Mingeot-Leclercq, M.-P.
Decrease of elastic moduli of DOPC bilayers induced by a macrolide antibiotic, azithromycin. Biochim.
Biophys. Acta 2007, 1768, 1830–1838. [CrossRef] [PubMed]
Klopman, G.; Zhu, H. Recent methodologies for the estimation of n-octanol/water partition coefficients and
their use in the prediction of membrane transport properties of drugs. Mini Rev. Med. Chem. 2005, 5, 127–133.
[CrossRef]
Rodrigues, C.; Gameiro, P.; Reis, S.; Lima, J.; de Castro, B. Derivative spectrophotometry as a tool for
the determination of drug partition coefficients in water/dimyristoyl-L-α-phosphatidylglycerol (DMPG)
liposomes. Biophys. Chem. 2001, 94, 97–106. [CrossRef]
Baciu, M.; Sebai, S.C.; Ces, O.; Mulet, X.; Clarke, J.A.; Shearman, G.C.; Law, R.V.; Templer, R.H.; Plisson, C.;
Parker, C.A. Degradative transport of cationic amphiphilic drugs across phospholipid bilayers. Philos. Trans.
Roy. Soc. Lond. A 2006, 364, 2597–2614. [CrossRef]
Pavinatto, F.J.; Caseli, L.; Pavinatto, A.; dos Santos, D.S.; Nobre, T.M.; Zaniquelli, M.E.; Silva, H.S.;
Miranda, P.B.; de Oliveira, O.N. Probing chitosan and phospholipid interactions using Langmuir and
Langmuir− Blodgett films as cell membrane models. Langmuir 2007, 23, 7666–7671. [CrossRef]
Yusupov, M.; Van der Paal, J.; Neyts, E.; Bogaerts, A. Synergistic effect of electric field and lipid oxidation on
the permeability of cell membranes. Biochim. Biophys. Acta 2017, 1861, 839–847. [CrossRef]
Phillips, M.A.; Gran, M.L.; Peppas, N.A. Targeted nanodelivery of drugs and diagnostics. Nano Today 2010, 5,
143–159. [CrossRef]
Huynh, R.; Chaubet, F.; Jozefonvicz, J. Anticoagulant properties of dextranmethylcarboxylate benzylamide
sulfate (DMCBSu); a new generation of bioactive functionalized dextran. Carbohydr. Res. 2001, 332, 75–83.
[CrossRef]
Barrera, C.; Herrera, A.P.; Rinaldi, C. Colloidal dispersions of monodisperse magnetite nanoparticles modified
with poly (ethylene glycol). J. Colloid Interface Sci. 2009, 329, 107–113. [CrossRef] [PubMed]
Gopalakrishnan, G.; Danelon, C.; Izewska, P.; Prummer, M.; Bolinger, P.Y.; Geissbühler, I.; Demurtas, D.;
Dubochet, J.; Vogel, H. Multifunctional lipid/quantum dot hybrid nanocontainers for controlled targeting of
live cells. Angew. Chem. 2006, 45, 5478–5483. [CrossRef] [PubMed]
Matsuno, R.; Ishihara, K. Integrated functional nanocolloids covered with artificial cell membranes for
biomedical applications. Nano Today 2011, 6, 61–74. [CrossRef]
Thanh, N.T.; Green, L.A. Functionalisation of nanoparticles for biomedical applications. Nano Today 2010, 5,
213–230. [CrossRef]
Dubertret, B.; Skourides, P.; Norris, D.J.; Noireaux, V.; Brivanlou, A.H.; Libchaber, A. In vivo imaging of
quantum dots encapsulated in phospholipid micelles. Science 2002, 298, 1759–1762. [CrossRef]
Hyodo, K.; Yamamoto, E.; Suzuki, T.; Kikuchi, H.; Asano, M.; Ishihara, H. Development of liposomal
anticancer drugs. Biol. Pharm. Bull. 2013, 36, 703–707. [CrossRef]
Dhoot, N.O.; Wheatley, M.A. Microencapsulated liposomes in controlled drug delivery: strategies to
modulate drug release and eliminate the burst effect. J. Pharm. Sci. 2003, 92, 679–689. [CrossRef]
Kim, S. DepoFoam-mediated drug delivery into cerebrospinal fluid. Methods Neurosci. 1994, 21, 118–131.
Kim, S.; Turker, M.S.; Chi, E.Y.; Sela, S.; Martin, G.M. Preparation of multivesicular liposomes. Biochim.
Biophys. Acta 1983, 728, 339–348. [CrossRef]

Biomolecules 2019, 9, 773

41.

42.
43.

44.

45.
46.
47.

48.
49.
50.

51.

52.

53.

54.

55.

56.
57.
58.
59.
60.

61.

16 of 19

Liu, L.; Ye, Q.; Lu, M.; Chen, S.-T.; Tseng, H.-W.; Lo, Y.-C.; Ho, C. A New Approach to Deliver Anti-cancer
Nanodrugs with Reduced Off-target Toxicities and Improved Efficiency by Temporarily Blunting the
Reticuloendothelial System with Intralipid. Sci. Rep. 2017, 7, 16106. [CrossRef] [PubMed]
Galmarini, C.M.; Mackey, J.R.; Dumontet, C. Nucleoside analogues and nucleobases in cancer treatment.
Lancet Oncol. 2002, 3, 415–424. [CrossRef]
Eloy, J.O.; de Souza, M.C.; Petrilli, R.; Barcellos, J.P.A.; Lee, R.J.; Marchetti, J.M. Liposomes as carriers of
hydrophilic small molecule drugs: strategies to enhance encapsulation and delivery. Colloids Surf. B 2014,
123, 345–363. [CrossRef] [PubMed]
He, W.; Hu, X.; Jiang, W.; Liu, R.; Zhang, D.; Zhang, J.; Li, Z.; Luan, Y. Rational Design of a New Self-Codelivery
System from Redox-Sensitive Camptothecin–Cytarabine Conjugate Assembly for Effectively Synergistic
Anticancer Therapy. Adv. Healthc. Mater. 2017, 6, 1700829. [CrossRef]
Chhikara, B.S.; Parang, K. Development of cytarabine prodrugs and delivery systems for leukemia treatment.
Expert Opin. Drug Deliv. 2010, 7, 1399–1414. [CrossRef]
Benesch, M.; Urban, C. Liposomal cytarabine for leukemic and lymphomatous meningitis: recent
developments. Expert Opin. Pharm. 2008, 9, 301–309. [CrossRef]
Phuphanich, S.; Maria, B.; Braeckman, R.; Chamberlain, M. A pharmacokinetic study of intra-CSF
administered encapsulated cytarabine (DepoCyt® ) for the treatment of neoplastic meningitis in patients with
leukemia, lymphoma, or solid tumors as part of a phase III study. J. Neurooncol. 2007, 81, 201–208. [CrossRef]
Craig, C. Current treatment approaches for neoplastic meningitis: Nursing management of patients receiving
intrathecal DepoCyt. Oncol. Nurs. Forum 2000, 27, 1225–1230.
Goldberg, M.S. Improving cancer immunotherapy through nanotechnology. Nat. Rev. Cancer 2019, 19,
587–602. [CrossRef]
Cao, W.M.; Gao, Y.; Yang, H.J.; Xie, S.N.; Ding, X.W.; Pan, Z.W.; Ye, W.W.; Wang, X.J. Novel germline mutations
and unclassified variants of BRCA1 and BRCA2 genes in Chinese women with familial breast/ovarian cancer.
BMC Cancer 2016, 16, 64. [CrossRef]
Wang, J.; Yin, C.; Tang, G.; Lin, X.; Wu, Q. Glucose-functionalized multidrug-conjugating nanoparticles based
on amphiphilic terpolymer with enhanced anti-tumorous cell cytotoxicity. Int. J. Pharm. 2013, 441, 291–298.
[CrossRef] [PubMed]
Sharma, P.; Dube, B.; Sawant, K. Synthesis of cytarabine lipid drug conjugate for treatment of meningeal
leukemia: Development, characterization and in vitro cell line studies. J. Biomed. Nanotechnol. 2012, 8,
928–937. [CrossRef] [PubMed]
Pentak, D.; Maciazek-Jurczyk, M.; Zawada, Z.H. The role of nanoparticles in the albumin-cytarabine and
albumin-methotrexate interactions. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 73, 388–397. [CrossRef]
[PubMed]
Yin, C.; Li, X.; Wu, Q.; Wang, J.L.; Lin, X.F. Multidrug nanoparticles based on novel random copolymer
containing cytarabine and fluorodeoxyuridine. J. Colloid Interface Sci. 2010, 349, 153–158. [CrossRef]
[PubMed]
Khan, H.; Shukla, R.N.; Bajpai, A.K. Genipin-modified gelatin nanocarriers as swelling controlled drug
delivery system for in vitro release of cytarabine. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 61, 457–465.
[CrossRef]
Yadav, K.S.; Sawant, K.K. Modified nanoprecipitation method for preparation of cytarabine-loaded PLGA
nanoparticles. AAPS PharmSciTech 2010, 11, 1456–1465. [CrossRef]
Yadav, K.S.; Jacob, S.; Sachdeva, G.; Chuttani, K.; Mishra, A.K.; Sawant, K.K. Long circulating PEGylated
PLGA nanoparticles of cytarabine for targeting leukemia. J. Microencapsul. 2011, 28, 729–742. [CrossRef]
Pawar, H.R.; Bhosale, S.S.; Derle, N.D. Use of liposomes in cancer therapy: A review. Int. J. Pharm. Sci. Res.
2012, 3, 3585.
Kang, L.; Gao, Z.; Huang, W.; Jin, M.; Wang, Q. Nanocarrier-mediated co-delivery of chemotherapeutic
drugs and gene agents for cancer treatment. Acta Pharm. Sin. B 2015, 5, 169–175. [CrossRef]
Aghebati-maleki, L.; Salehi, B.; Behfar, R.; Saeidmanesh, H.; Ahmadian, F.; Sarebanhassanabadi, M.;
Negahdary, M. Designing a hydrogen peroxide biosensor using catalase and modified electrode with
magnesium oxide nanoparticles. Int. J. Electrochem. Sci 2014, 9, 257–271.
Sistani, P.; Sofimaryo, L.; Masoudi, Z.R.; Sayad, A.; Rahimzadeh, R.; Salehi, B. A penicillin biosensor by using
silver nanoparticles. Int. J. Electrochem. Sci. 2014, 9, 6201–6212.

Biomolecules 2019, 9, 773

62.
63.
64.
65.
66.
67.
68.
69.

70.

71.

72.

73.

74.

75.
76.
77.
78.
79.
80.

81.

82.
83.

17 of 19

Salehi, B.; Mehrabian, S.; Ahmadi, M. Investigation of antibacterial effect of Cadmium Oxide nanoparticles
on Staphylococcus Aureus bacteria. J. nanobiotechnol. 2014, 12, 26. [CrossRef] [PubMed]
Noble, G.T.; Stefanick, J.F.; Ashley, J.D.; Kiziltepe, T.; Bilgicer, B. Ligand-targeted liposome design: challenges
and fundamental considerations. Trends Biotechnol. 2014, 32, 32–45. [CrossRef] [PubMed]
Slingerland, M.; Guchelaar, H.-J.; Gelderblom, H. Liposomal drug formulations in cancer therapy: 15 years
along the road. Drug Discov. Today 2012, 17, 160–166. [CrossRef] [PubMed]
Allen, T.M.; Cullis, P.R. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug
Deliv. Rev. 2013, 65, 36–48. [CrossRef]
Olusanya, T.O.B.; Haj Ahmad, R.R.; Ibegbu, D.M.; Smith, J.R.; Elkordy, A.A. Liposomal Drug Delivery
Systems and Anticancer Drugs. Molecules 2018, 23, 907. [CrossRef] [PubMed]
Jha, S.; Sharma, P.K.; Malviya, R. Liposomal Drug Delivery System for Cancer Therapy: Advancement and
Patents. Recent Patents Drug Deliv. Formul. 2016, 10, 177–183.
Petre, C.E.; Dittmer, D.P. Liposomal daunorubicin as treatment for Kaposi’s sarcoma. Int. J. Nanomed. 2007,
2, 277–288.
Hardiansyah, A.; Huang, L.Y.; Yang, M.C.; Liu, T.Y.; Tsai, S.C.; Yang, C.Y.; Kuo, C.Y.; Chan, T.Y.; Zou, H.M.;
Lian, W.N.; et al. Magnetic liposomes for colorectal cancer cells therapy by high-frequency magnetic field
treatment. Nanoscale Res. Lett. 2014, 9, 497. [CrossRef]
Mock, J.N.; Costyn, L.J.; Wilding, S.L.; Arnold, R.D.; Cummings, B.S. Evidence for distinct mechanisms
of uptake and antitumor activity of secretory phospholipase A2 responsive liposome in prostate cancer.
Integr. Biol. 2013, 5, 172–182. [CrossRef]
Berlin Grace, V.M.; Viswanathan, S. Pharmacokinetics and therapeutic efficiency of a novel cationic liposome
nano-formulated all trans retinoic acid in lung cancer mice model. J. Drug Deliv. Sci. Technol. 2017, 39,
223–236. [CrossRef]
Legut, M.; Lipka, D.; Filipczak, N.; Piwoni, A.; Kozubek, A.; Gubernator, J. Anacardic acid enhances the
anticancer activity of liposomal mitoxantrone towards melanoma cell lines—in vitro studies. Int. J. Nanomed.
2014, 9, 653–668. [PubMed]
Wang-Gillam, A.; Li, C.P.; Bodoky, G.; Dean, A.; Shan, Y.S.; Jameson, G.; Macarulla, T.; Lee, K.H.;
Cunningham, D.; Blanc, J.F.; et al. Nanoliposomal irinotecan with fluorouracil and folinic acid in metastatic
pancreatic cancer after previous gemcitabine-based therapy (NAPOLI-1): A global, randomised, open-label,
phase 3 trial. Lancet 2016, 387, 545–557. [CrossRef]
Zhou, J.; Zhao, W.Y.; Ma, X.; Ju, R.J.; Li, X.Y.; Li, N.; Sun, M.G.; Shi, J.F.; Zhang, C.X.; Lu, W.L. The anticancer
efficacy of paclitaxel liposomes modified with mitochondrial targeting conjugate in resistant lung cancer.
Biomaterials 2013, 34, 3626–3638. [CrossRef] [PubMed]
Gabizon, A.A.; Shmeeda, H.; Zalipsky, S. Pros and cons of the liposome platform in cancer drug targeting.
J. Liposome Res. 2006, 16, 175–183. [CrossRef]
Gratton, S.E. In Vitro and In Vivo Studies of Nanomolded PRINT Particles of Precisely Controlled Size,
Shape, and Surface Chemistry. Ph.D. Thesis, The University of North Carolina, Chapel Hill, NC, USA, 2008.
Hamada, A.; Kawaguchi, T.; Nakano, M. Clinical pharmacokinetics of cytarabine formulations. Clin. Pharm.
2002, 41, 705–718. [CrossRef]
Evans, J.S.; Musser, E.A.; Mengel, G.D.; Forsblad, K.R.; Hunter, J.H. Antitumor activity of
1-beta-D-arainofuranosylcytosine hydrochloride. Proc. Soc. Exp. Biol. Med. 1961, 106, 350–353. [CrossRef]
Talley, R.W.;
Vaitkevicius, V.K. Megaloblastosis produced by a cytosine antagonist,
1-beta-D-arabinofuranosylcytosine. Blood 1963, 21, 352–362. [CrossRef]
Newman, D.J.; Cragg, G.M.; Battershill, C.N. Therapeutic Agents from the Sea: Biodiversity, Chemo-Evolutionary
Insight and Advances To the End of Darwin’s 200th Year; National Library of Medicine: Bethesda, MD, USA,
2009.
Tyner, J.W.; Tardi, P.; Mayer, L.; Fletcher, L.B.; Spurgeon, S.; Kovacsovics, T.; Loriaux, M.M. Evaluation
of CPX-351 (cytarabine: Daunorubicin) liposome injection anti-Leukemic activity against primary patient
leukemia cells. Am. Soc. Hematol. 2010.
Hare, J.I.; Lammers, T.; Ashford, M.B.; Puri, S.; Storm, G.; Barry, S.T. Challenges and strategies in anti-cancer
nanomedicine development: An industry perspective. Adv. Drug Deliv. Rev. 2017, 108, 25–38. [CrossRef]
Lammers, T.; Kiessling, F.; Hennink, W.E.; Storm, G. Drug targeting to tumors: Principles, pitfalls and (pre-)
clinical progress. J. Control. Rel. 2012, 161, 175–187. [CrossRef] [PubMed]

Biomolecules 2019, 9, 773

84.

85.
86.
87.

88.

89.

90.

91.

92.
93.

94.

95.

96.
97.

98.
99.
100.
101.
102.

103.

18 of 19

Juzenas, P.; Chen, W.; Sun, Y.-P.; Coelho, M.A.N.; Generalov, R.; Generalova, N.; Christensen, I.L. Quantum
dots and nanoparticles for photodynamic and radiation therapies of cancer. Adv. Drug Deliv. Rev. 2008, 60,
1600–1614. [CrossRef] [PubMed]
Bhojwani, D.; Pui, C.-h. Intrathecal liposomal cytarabine: More friend than foe? Leuk. Lymphoma 2008, 49,
1427–1430. [CrossRef] [PubMed]
Kratz, F.; Senter, P.; Steinhagen, H. Drug Delivery in Oncology: From Basic Research to Cancer Therapy; John
Wiley & Sons: Hoboken, NJ, USA, 2013; Volume 3.
Bassan, R.; Masciulli, A.; Intermesoli, T.; Audisio, E.; Rossi, G.; Pogliani, E.M.; Cassibba, V.; Mattei, D.;
Romani, C.; Cortelezzi, A.; et al. Randomized trial of radiation-free central nervous system prophylaxis
comparing intrathecal triple therapy with liposomal cytarabine in acute lymphoblastic leukemia.
Haematologica 2015, 100, 786–793. [CrossRef] [PubMed]
Egusquiaguirre, S.P.; Igartua, M.; Hernández, R.M.; Pedraz, J.L. Nanoparticle delivery systems for cancer
therapy: Advances in clinical and preclinical research. Clin. Transl. Oncol. 2012, 14, 83–93. [CrossRef]
[PubMed]
Chamberlain, M.C. Neurotoxicity of intra-CSF liposomal cytarabine (DepoCyt) administered for the treatment
of leptomeningeal metastases: A retrospective case series. J. Neurooncol. 2012, 109, 143–148. [CrossRef]
[PubMed]
Kim, S.; Chatelut, E.; Kim, J.C.; Howell, S.B.; Cates, C.; Kormanik, P.A.; Chamberlain, M.C. Extended CSF
cytarabine exposure following intrathecal administration of DTC 101. J. Clin. Oncol. 1993, 11, 2186–2193.
[CrossRef]
Kohn, F.R.; Malkmus, S.A.; Brownson, E.A.; Rossi, S.S.; Yaksh, T.L. Fate of the predominant phospholipid
component of DepoFoamTM drug delivery matrix after intrathecal administration of sustained-release
encapsulated cytarabine in rats. Drug Deliv. 1998, 5, 143–151. [CrossRef]
Wan, S.H.; Huffman, D.H.; Azarnoff, D.L.; Hoogstraten, B.; Larsen, W.E. Pharmacokinetics of
1-β-D-arabinofuranosylcytosine in humans. Cancer Res. 1974, 34, 392–397.
Groothuis, D.R.; Benalcazar, H.; Allen, C.V.; Wise, R.M.; Dills, C.; Dobrescu, C.; Rothholtz, V.; Levy, R.M.
Comparison of cytosine arabinoside delivery to rat brain by intravenous, intrathecal, intraventricular and
intraparenchymal routes of administration. Brain Res. 2000, 856, 281–290. [CrossRef]
Scott-Moncrieff, J.C.R.; Chan, T.C.; Samuels, M.L.; Cook, J.R.; Coppoc, G.L.; DeNicola, D.B.; Richardson, R.C.
Plasma and cerebrospinal fluid pharmacokinetics of cytosine arabinoside in dogs. Cancer Chemother.
Pharmacol. 1991, 29, 13–18. [CrossRef] [PubMed]
Tardi, P.; Johnstone, S.; Harasym, N.; Xie, S.; Harasym, T.; Zisman, N.; Harvie, P.; Bermudes, D.; Mayer, L.
In vivo maintenance of synergistic cytarabine: Daunorubicin ratios greatly enhances therapeutic efficacy.
Leuk. Res. 2009, 33, 129–139. [CrossRef] [PubMed]
Bayne, W.F.; Mayer, L.D.; Swenson, C.E. Pharmacokinetics of CPX-351 (cytarabine/daunorubicin HCl)
liposome injection in the mouse. J. Pharma. Sci. 2009, 98, 2540–2548. [CrossRef] [PubMed]
Carol, H.; Fan, M.M.; Harasym, T.O.; Boehm, I.; Mayer, L.D.; Houghton, P.; Smith, M.A.; Lock, R.B.
Efficacy of CPX-351,(cytarabine: Daunorubicin) liposome injection, against acute lymphoblastic leukemia
(ALL) xenograft models of the Pediatric Preclinical Testing Program. Pediatric Blood Cancer 2015, 62, 65–71.
[CrossRef] [PubMed]
Dicko, A.; Kwak, S.; Frazier, A.A.; Mayer, L.D.; Liboiron, B.D. Biophysical characterization of a liposomal
formulation of cytarabine and daunorubicin. Int. J. Pharma. 2010, 391, 248–259. [CrossRef]
Jabbour, E.; Cortes, J.E.; Giles, F.J.; O’Brien, S.; Kantarjian, H.M. Current and emerging treatment options in
chronic myeloid leukemia. Cancer 2007, 109, 2171–2181. [CrossRef]
Shah, M.; Agarwal, B. Recent advances in management of acute myeloid leukemia (AML). Ind. J. Pediatrics
2008, 75, 831–837. [CrossRef]
Drugs.com. Depocyt. Available online: https://www.drugs.com/pro/depocyt.html (accessed on 1 June 2018).
Chamberlain, M.C.; Khatibi, S.; Kim, J.C.; Howell, S.B.; Chatelut, E.; Kim, S. Treatment of leptomeningeal
metastasis with intraventricular administration of depot cytarabine (DTC 101). A phase I study. Arch. Neurol.
1993, 50, 261–264. [CrossRef]
Chamberlain, M.C.; Kormanik, P.; Howell, S.B.; Kim, S. Pharmacokinetics of intralumbar DTC-101 for the
treatment of leptomeningeal metastases. Arch. Neurol. 1995, 52, 912–917. [CrossRef]

Biomolecules 2019, 9, 773

19 of 19

104. Mrugala, M.M.; Kim, B.; Sharma, A.; Johnson, N.; Graham, C.; Kurland, B.F.; Gralow, J. Phase II Study of
Systemic High-dose Methotrexate and Intrathecal Liposomal Cytarabine for Treatment of Leptomeningeal
Carcinomatosis From Breast Cancer. Clin. Breast Cancer 2019. [CrossRef]
105. Glantz, M.J.; Jaeckle, K.A.; Chamberlain, M.C.; Phuphanich, S.; Recht, L.; Swinnen, L.J.; Maria, B.; LaFollette, S.;
Schumann, G.B.; Cole, B.F.; et al. A randomized controlled trial comparing intrathecal sustained-release
cytarabine (DepoCyt) to intrathecal methotrexate in patients with neoplastic meningitis from solid tumors.
Clin. Cancer Res. 1999, 5, 3394–3402. [PubMed]
106. Beauchesne, P.; Blonski, M.; Brissart, H. Response to intrathecal infusions of Depocyt(R) in secondary diffuse
leptomeningeal gliomatosis. A case report. In vivo 2011, 25, 991–993. [PubMed]
107. Zimm, S.; Collins, J.M.; Miser, J.; Chatterji, D.; Poplack, D.G. Cytosine arabinoside cerebrospinal fluid kinetics.
Clin. Pharmacol. Ther. 1984, 35, 826–830. [CrossRef] [PubMed]
108. Glantz, M.J.; LaFollette, S.; Jaeckle, K.A.; Shapiro, W.; Swinnen, L.; Rozental, J.R.; Phuphanich, S.; Rogers, L.R.;
Gutheil, J.C.; Batchelor, T.; et al. Randomized trial of a slow-release versus a standard formulation of
cytarabine for the intrathecal treatment of lymphomatous meningitis. J. Clin. Oncol. 1999, 17, 3110–3116.
[CrossRef] [PubMed]
109. Lassaletta, A.; Lopez-Ibor, B.; Mateos, E.; Gonzalez-Vicent, M.; Perez-Martinez, A.; Sevilla, J.; Diaz, M.A.;
Madero, L. Intrathecal liposomal cytarabine in children under 4 years with malignant brain tumors.
J. Neurooncol. 2009, 95, 65–69. [CrossRef] [PubMed]
110. Persons, S. The decline of homeopathy—the University of Iowa, 1876–1919. Bull. Hist. Med. 1991, 65, 74–87.
[PubMed]
111. Fleischhack, G.; Jaehde, U.; Bode, U. Pharmacokinetics following intraventricular administration of
chemotherapy in patients with neoplastic meningitis. Clin. Pharm. 2005, 44, 1–31. [CrossRef]
112. Angst, M.S.; Drover, D.R. Pharmacology of drugs formulated with DepoFoam: A sustained release drug
delivery system for parenteral administration using multivesicular liposome technology. Clin. Pharm. 2006,
45, 1153–1176. [CrossRef]
113. Bohn, J.P.; Reinstadler, V.; Pall, G.; Stockhammer, G.; Steurer, M.; Oberacher, H.; Wolf, D. Cerebrospinal Fluid
Drug Concentrations and Clinical Outcome of Patients with Neoplastic Meningitis Treated with Liposomal
Cytarabine. Eur. J. Drug. Metab. Pharm. 2019. [CrossRef]
114. Chen, K.T.J.; Gilabert-Oriol, R.; Bally, M.B.; Leung, A.W.Y. Recent Treatment Advances and the Role of
Nanotechnology, Combination Products, and Immunotherapy in Changing the Therapeutic Landscape of
Acute Myeloid Leukemia. Pharm. Res. 2019, 36, 125. [CrossRef]
115. Mayer, L.D.; Tardi, P.; Louie, A.C. CPX-351: A nanoscale liposomal co-formulation of daunorubicin and
cytarabine with unique biodistribution and tumor cell uptake properties. Int. J. Nanomed. 2019, 14, 3819–3830.
[CrossRef] [PubMed]
116. Tolcher, A.W.; Mayer, L.D. Improving combination cancer therapy: The CombiPlex((R)) development
platform. Future Oncol. 2018, 14, 1317–1332. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

