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Abstract

Tumor cells develop resistance to chemotherapeutic drugs through multiple mechanisms.
Overexpression of efflux transporters is an important source of drug resistance. Efflux transporters
such as P-glycoprotein reduce intracellular drug accumulation and compromise drug efficacy.
Various nanoparticle-based approaches have been investigated to overcome efflux-mediated
resistance. These include the use of formulation excipients that inhibit transporter activity and co-
delivery of the anticancer drug with a specific inhibitor of transporter function or expression.
However, the effectiveness of nanoparticles can be diminished by poor transport in the tumor
tissue. Hence, adjunct therapies that improve the intratumoral distribution of nanoparticles may be
vital to the successful application of nanotechnology to overcome tumor drug resistance. This
review discusses the mechanisms of tumor drug resistance and highlights the opportunities and
challenges in the use of nanoparticles to improve the efficacy of anticancer drugs against resistant
tumors.
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1. Introduction

Despite major advances in cancer diagnosis and therapy, development of drug resistance and
tumor relapse are frequent occurrences [1, 2]. While tumor cells evade death through
multiple mechanisms [3], overexpression of efflux transporters is an important source of
drug resistance. Tumor cells either inherently express efflux transporters or upregulate their
expression in response to chemotherapy. Efflux transporters are capable of actively clearing
a wide variety of substrates out of the cells. This results in sub-optimal intracellular drug
concentrations and lack of efficacy [4]. Several efforts have been directed at inhibiting
efflux transporters in tumors. Many small molecule efflux inhibitors have been tested in
combination with chemotherapeutics in the clinic. However, unfavorable pharmacokinetics
and significant dose-limiting toxicities have hampered their progress [5-7]. Co-
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administration of the chemotherapeutic and efflux inhibitor in nanoparticles (NPs) may
allow temporal co-localization of these molecules, limit their non-specific distribution, and
hence their toxicities [8]. In addition, several studies have shown that some of the excipients
used in the construction of NPs are capable of inhibiting efflux transporters [9]. Taken
together, nanotechnology offers a promising approach for overcoming efflux pump-based
drug resistance (Figure 1).

In order for NP-based therapies to be successful, however, it is essential that NPs are
transported efficiently to the tumor cells. Tumors are characterized by inadequate blood
supply and elevated interstitial fluid pressure (IFP) [10]. As a result, transport in the tumor is
highly hindered. Several approaches have been proposed for improving intra-tumoral
transport of macromolecules and drug carriers [10]. These include the use of anti-
angiogenics [11] and modification of the tumor stroma [12].

In this review, we will focus on these two important issues: (1) the use of nanotechnology to
overcome efflux activity in tumor cells and (2) inefficient transport of drugs and drug
carriers within the tumor tissue. We will provide a mechanistic perspective of why
nanotechnology holds such promise in overcoming drug resistance and why the use of
adjunct therapies to improve transport may be critical to the success of nanotechnology-
based anticancer therapies.

2. Mechanisms of tumor drug resistance

2.1 Efflux transporters

A majority of chemotherapeutics have intracellular targets. Thus, to kill the tumor cell,
many anticancer drugs have to accumulate inside the cell at sufficient concentrations. A
major hurdle to achieving adequate intracellular drug concentrations is the presence of
efflux proteins on the tumor cell membrane [13, 14]. Drug efflux pumps belong to a family
of transporters called the ATP-binding cassette (ABC) transporters. ABC transporters are
one of the largest superfamily of proteins. The human genome encodes for 48 ABC proteins.
These include 20 transporter proteins, further divided into 7 sub-families, ABC A-G [15].
Some of the important and well-studied transporters include ABCB 1 [P-glycoprotein (P-
gp), multidrug resistance protein 1 (MDR1)], ABCC 1-3 [multi-drug resistance associated
protein (MRP) 1-3], and ABCG 2 [breast cancer resistance protein (BCRP)]. P-gp was the
first discovered efflux transporter [16, 17]. In 1983, Kartner and coworkers first
demonstrated the correlation between increased expression of P-gp in tumor cells with the
development of drug resistance [18]. This was followed by Chen and others, who described
the sequence of the MDR1 cDNA and its homology to two bacterial transporters, thereby
defining the first member of the ABC transporter family [19]. Ueda and coworkers
demonstrated that expression of a full length cDNA for the human MDR1 gene confers drug
resistance in tumor cells, confirming the role of MDRL gene in drug resistance [20]. It was
later discovered that some tumor cells that did not have upregulated P-gp levels could also
actively efflux drugs. This led to the discovery of MRP 1 [21]. Since then, additional
transporters have been identified and their roles in drug transport have been investigated
[15]. Of these, P-gp is one of the most consistently over-expressed transporters in drug-
resistant tumors [22].

Even under normal physiological conditions, efflux transporters are widely expressed in the
body (reviewed in [23]). Some organs show a particularly high expression of these
transporters. For example, P-gp, BCRP and MRP 2 are highly expressed on the apical sides
of the lung, testis, placenta, and brain. On the other hand, MRP 1 is highly expressed on the
basolateral side of these organs [3, 24-29]. These transporters create a formidable barrier
that protects important organs from toxic xenobiotics. Consequently, these transporters play
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a key role in altering the absorption, distribution, metabolism, and excretion of drugs [30-
32].

2.1.1 Structure and mechanism of P-gp—P-gp is a 170 kDa protein with broad
substrate specificity [33]. Structurally, it comprises 2 transmembrane domains (TMDs) and
2 nucleotide binding domains (NBDs). The TMDs are hydrophobic domains consisting of 6
transmembrane segments, while NBDs are hydrophilic intracellular domains [34]. NBDs
provide a docking site for the ATP molecules. While the exact mechanism by which P-gp
interacts with its substrate is not fully understood, it is thought that binding of a substrate to
the high-affinity binding site results in ATP hydrolysis, causing a conformational change
that shifts the substrate to a lower affinity binding site and then into the extracellular space
or outer leaflet of the membrane [35-37]. Whether P-gp extracts its substrate from the
cytoplasm [38] or from within the membrane (‘vacuum cleaner’ hypothesis) is not clear, but
evidence suggests that substrates diffuse from the lipid bilayer into the drug-binding pocket
located in a hydrophobic environment [39, 40]. Studies from our laboratory suggest that
drug released into the cytoplasm from NPs is susceptible to P-gp mediated efflux [41]. P-gp
overexpression also confers resistance to drugs through mechanisms not directly related to
transport. For example, overexpression of P-gp confers resistance to complement-mediated
cytotoxicity due to delayed deposition of complement on the plasma membrane [42, 43].
Also, P-gp over-expressing cells are less sensitive to multiple forms of caspase-dependent
cell death, including those mediated by Fas ligand [44] and serum withdrawal [45]. Some of
the transport-independent effects of P-gp may be explained by the fact that over-expressed
P-gp can constitute an important part of the plasma membrane. In Chinese hamster ovary
(CHO) cells, P-gp alone accounted for about 20% of the total plasma membrane proteins
[46]. This degree of overexpression could affect the activity of other membrane proteins.

2.1.2 Acquired and intrinsic resistance—In vitro studies have shown that the
expression of efflux pumps increases in response to chemotherapy. These changes arise
from copy number alterations of the gene or increased expression of these genes [47-50].
This change in efflux transporters in response to chemotherapy is evident in clinical studies
as well [51]. Abolhoda et al. tested the effect of doxorubicin treatment on five patients with
lung metastasis [52]. The authors found that after a 20-minute chemoperfusion, there was a
6—7 fold increase in MDR1 gene expression in these tumors. This phenomenon of
upregulation of efflux transporters in response to drug treatment is termed as acquired
resistance. Interestingly, Levchenko et al. reported the intercellular transfer of functional P-
gp protein from P-gp positive cells to P-gp negative cells both in vitro and in vivo [53]. The
transfer occurred between different cell types, and allowed the recipient drug-sensitive cells
to survive toxic drug concentrations, leading to increased tumor resistance. This mechanism
could explain how some sensitive cells acquire drug resistance.

Another striking feature of efflux transporters is the wide range of substrate specificity [33,
34]. Weakly basic and neutral compounds have been found to be the most vulnerable to
these pumps [34, 54, 55]. However, some reports suggest that even acidic compounds can be
subject to efflux [56, 57]. A rare common feature is that most compounds transported by
these pumps are amphiphilic in nature [34]. The broad substrate specificity and upregulation
in response to chemotherapy have serious consequences. Resistance arising from one drug
can lead to cross-resistance to other chemotherapeutics that are substrates of the same
transporter. Such a resistance is termed as multi-drug resistance (MDR). Because of this
phenomenon, sequential chemotherapy or switching to a different drug class may not be
useful once a patient develops resistance to one drug class.

A fraction of tumor cells intrinsically have a higher expression of efflux transporters even
before exposure to chemotherapy [4]. This phenotype may be a manifestation of tumor
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microenvironmental conditions, tissue of origin, and/or rampant genetic mutations
characteristic of cancer cells [3]. This phenomenon is termed as intrinsic resistance.

Acquired and intrinsic resistances may stem from mechanisms not involving efflux
transporters as well. This is especially evident with drugs classified as “targeted therapies”
[58]. These drugs target specific aberrant cellular pathways that are essential for the survival
of cancer cells. For example, the epidermal growth factor receptor (EGFR) is upregulated in
multiple cancers. Activation of EGFR results in the activation of multiple kinases that aid in
tumor growth and survival. Hence, antagonists that block EGFR signaling are of
considerable interest [59]. However, this enthusiasm has been dampened by the appearance
of intrinsic and acquired resistances (reviewed in [60]). Upon continued exposure to EGFR
antagonists, tumor cells resort to alternate pathways that enable survival and proliferation
independent of EGFR activation [61]. Thus, in spite of EGFR inhibition, there is no effect
on the tumor cell viability. On the other hand, some tumors do not rely on EGFR signaling
at all. These tumors are intrinsically resistant to EGFR-targeted therapies.

Intracellular detoxification is another mechanism of drug resistance. Such mechanisms
enable faster elimination of the drug from within the cell and hence reduce their intracellular
concentration [62]. Glutathione conjugation is an example of the detoxification strategy
employed by tumor cells [63, 64]. Mellish et al. showed that this mechanism can be
upregulated in response to sustained exposure to chemotherapeutics [65]. The authors
isolated a human ovarian carcinoma cell line from untreated patients. This cell line was
exposed to increasing concentrations of cisplatin for 18 months. The resultant cell line was
less susceptible to cell death induced by cisplatin and other platinum containing drugs. The
authors found that the resistant cell line had higher levels of glutathione and correspondingly
lower intracellular drug concentration [65].

Several anti-cancer agents induce DNA damage to bring about cell death. However, cancer
cells can develop mechanisms to increase DNA repair and thereby develop resistance to
these drugs. The mechanisms of DNA repair and drug resistance have been reviewed in
detail elsewhere [66-68].

2.1.3 Efflux transporters and cancer stem cells—According to the consensus
definition, cancer stem cells (CSCs) are minority cells that are capable of potentially
unlimited self-renewal owing to assymetric cell division, and have the ability to produce
multiple differentiated cell types that constitute solid tumors [69]. Although not fully
established, the origins of CSCs could theoretically arise from oncogene activation in
normal adult tissue stem cells or through the acquisition of stem cell-like properties via
microenvironmentally triggered phenotypic changes in cancer cells. CSCs possess a number
of intrinsic properties that contribute to therapy resistance and ultimately disease recurrence
[70]. Similar to normal stem cells, CSCs have protective mechanisms against external
insults from cytotoxic chematherapy, which include alterations in the intrinsic apoptotic
pathway, DNA repair, and most notably, overexpression of efflux transporters [71].

From the perspective of drug resistance, selective pressures within the tumor
microenvironment can result in the generation of intrinsically resistant cells. In addition,
standard therapeutic regimens, if ineffective in eradicating tumor cell burden, can result in a
residual population of cells displaying acquired resistance. Both resistance mechanisms
would ultimately result in the expansion of the CSC fraction within the tumor. These
therapy-resistant cells, now considered the CSC population, are known to overexpress ABC
transporters [72]. This principle is frequently exploited for their isolation. Rhodamine and
Hoechst 33342 fluorescent dyes, substrates of both ABCG2 and ABCB1, are used in the
analysis of the so-called side population of cells displaying low dye retention, via flow
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cytometric techniques. These side population cells display the ability to actively efflux ABC
transporter substrates, as well as additional properties ascribed to CSCs, including tumor
seeding at limiting dilution, a heightened anti-apoptotic state, relative proliferative
quiescence, and resistance to conventional chemotherapy upon sorting these cells from the
bulk population [73].

To demonstrate the role of CSCs in acquired resistance, numerous reports document a
selective enrichment of the CSC fraction following conventional chemotherapy treatment in
vitro. The ovarian cancer cell lines OVCA 433 and HEY, when treated with cisplatin and
paclitaxel in vitro, result in cells with increased sphere forming efficiency, CSC marker gene
expression, and tumor seeding efficiency in vivo [74]. Immortalized mammary epithelial
(HMLE) cells induced to passage through epithelial to mesenchymal transition (EMT) have
been shown to display the properties of CSCs. When these cells are spiked into non-CSC
enriched HMLE cells and treated with paclitaxel in vitro, the CSCs selectively survive
treatment, providing direct evidence for the role of CSCs in acquired drug resistance [75].

Another key reason for the therapeutic resistance of CSCs is their quiescent nature [76]. A
number of chemotherapeutic agents are effective only against actively dividing cells. CSCs,
like normal stem cells, divide infrequently and produce transient amplifying cells which
populate the tumor. Hence, chemotherapy may be effective in eradicating the bulk of the
tumor but may lack efficacy against the quiescent stem cell population [70].

2.1.4 Elevated levels of efflux transporters and poor prognosis—There is
considerable evidence linking the presence of MDR cells with poor prognosis in cancer [77,
78]. Evidence for the role of P-gp in clinical tumor resistance was first provided by Trock
and co-workers, who demonstrated P-gp expression in about 40% of breast cancer samples
and its correlation with decreased treatment response [79]. Additional studies [3, 80, 81]
further confirm this observation, and suggest that pretreatment P-gp expression is a strong
predictor for clinical response to drug therapy [82]. Karaszi et al. examined the response to
therapy of 93 acute leukemia patients [83]. These patients were treated with various
therapies depending on the disease subtype. Based on a calcein efflux assay, these patients
were then classified into MDR™ or MDR™ groups. It was found that 72% of the MDR™
patients responded to therapy, while only 31% of MDR™ patients did. Consequently, there
was a three-fold difference in median patient survival. Similar results were reported by Leith
et al., who found that elderly leukemic patients responded poorly to treatment in comparison
to younger patients because of elevated P-gp expression [84].

2.2 Sequestration in acidic organelles

In addition to efflux pumps, sequestration in acidic organelles can reduce the bioavailability
of anticancer drugs at their intracellular site of action [85]. Anthracyclines such as
doxorubicin and daunorubicin accumulate in the nucleus (its site of action) in sensitive cells.
In drug resistant cells, these weakly basic drugs are primarily distributed into acidic
organelles such as late endosomes and lysosomes [86]. The elevated activity of the vacuolar
H*-ATPase pump in drug resistant cells leads to highly acidified pH of these organelles [87,
88]. Basic drugs are expected to be highly ionized under these conditions. This results in
their trapping within these organelles and loss of activity. The trapped drug is likely
extruded out of the cell by exocytosis [89].

2.3 Resistance to transport of macromolecules and drug carriers

In addition to the tumor cells, the tumor extracellular matrix (ECM) is a source of resistance
to chemotherapy. Transport of drug into and within the tumor is extremely inefficient [90,
91]. This leads to regions of high and low drug concentrations in the tumor [92]. The regions
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receiving lower drug concentrations often harbor the more aggressive and tumorigenic cells
[93]. Thus, it is extremely important to achieve therapeutic drug concentrations in these
under-supplied regions.

In order to address the issue of inefficient drug distribution, it is essential to understand the
processes governing drug transport in the tumor. In the following sections, we provide a
brief description of the physiological factors governing intratumoral drug transport.

2.3.1 Transport process in normal tissues—Exchange of fluid and nutrients (as well
as drugs) between blood vessels and tissue is governed by several parameters, and this
relationship is defined quantitatively by Starling’s law (Figure 2) [94, 95]. There are two
components that drive the outward flow of soluble drug molecules into the tissue: the
hydrostatic pressure head (arising from convection in the capillaries) and osmotic pressure
head (arising from a difference in concentration of solutes). In normal tissues, this net
pressure is directed towards the tissue and allows a convenient exchange of nutrients with
the vascular compartment. The excess fluid draining into the tissues is cleared by the
lymphatic system. As a result, a net negative pressure is maintained [12, 96]. Additionally,
each cell in the body is only a few cell-diameters away from the nearest blood vessel. This
restricts the distance a solute has to travel in the interstitium to encounter the farthest cell
from the blood vessel [97]. Thus, the negative pressure difference and short interstitial
distances allow efficient solute transport in normal tissues.

2.3.2 Transport process in the tumor—Differences in tumor and normal tissue
physiologies give rise to major obstacles to drug delivery to and within the tumor [98, 99].
The direction and magnitude of the driving force for drug transport is not constant
throughout the tumor. This inconsistency in the driving force arises from the differences in
the functionality of the lymphatic system. The advancing edge of the tumor exhibits normal
lymphatic drainage. As a result, the fluid entering the tumor from the blood vessels is
cleared normally [100]. This helps maintain a negative pressure gradient in this part of the
tumor, similar to that in normal tissues [101]. However, the core of the tumor experiences no
such driving force for drug transport. The lymphatic vessels are usually collapsed and show
minimal hydraulic conductivity in the center of the tumor. As a result, excess fluid entering
the tumor is not drained from this central core [102, 103]. Hence, the pressure differential in
the core of the tumor is often in the opposite direction, i.e., from the tumor towards the
blood vessels [12]. Additionally, the core of the tumor is characterized by poor vessel
coverage [104-106]. Consequently, drug transport to the core of the tumor is reliant on the
diffusion of the drug from well-perfused peripheral regions [107]. These disparities in
normal and tumor physiologies arise from two major factors: angiogenesis and tumor
microenvironment.

2.3.3 Angiogenesis—Tumor cells divide more rapidly than normal cells. As the tumor
grows larger, it can no longer survive on the pre-existing blood vessels of the surrounding
normal tissue. Tumors produce potent growth factors such as vascular endothelial growth
factor (VEGF), which enable the sprouting of new blood vessels from existing ones. This
process is known as angiogenesis [108, 109]. In normal tissues, this process is tightly
regulated and involves a balance between pro- and anti-angiogenic factors, leading to well-
formed blood vessels with a hierarchical architecture. In contrast, tumors are characterized
by a pro-angiogenic environment. This results in poorly developed vascular anatomy (lack
of pericyte coverage and leakiness) and architecture (dead ends and irregular flow patterns)
[110-112].

The leakiness of tumor blood vessels leads to expulsion of vascular components including
excess fluid into the tumor interstitium. The lack of lymphatic drainage restricts the removal
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of fluids and other vascular components from the tumor microenvironment. Presence of
these vascular components in the limited ECM space results in elevated interstitial fluid
pressure (IFP) [99, 101, 113-115] and prevents the entry of drugs into the tumor [116].
Elevated IFP has been shown to correlate with poor response to chemotherapy and
immunotherapy [117]. A study by Curti and coworkers followed the response of 6 non-
Hodgkin’s lymphoma patients to chemotherapy. The patients received a chemotherapy
combination consisting of either ProMACE CytaBOM (cyclophosphamide, doxorubicin,
etoposide cytozar, bleomycin, vincristine, methotrexate and prednisone) or EPOCH
(etoposide, prednisolone, vincristine, doxorubicin and cyclophosphamide). Tumor IFPs were
monitored before and after treatment. The authors found that the responders showed a lower
pre-treatment IFP as compared to the non-responders. Additionally, the tumor IFPs of the
responders decreased with treatment while that of the non-responders increased. This study
also monitored the IFP of 10 melanoma patients treated with interleukin-1 and 2 based
immunotherapy. The melanoma nodules that responded to immunotherapy showed a lower
IFP than those that did not respond to immunotherapy. These results show that elevated IFP
can significantly decrease therapeutic efficacy of multiple treatment modalities.

2.3.4 Reactive tumor microenvironment—Overexpression of cross-linking agents
such as lysyl oxidase in tumors leads to a higher degree of polymerization of biopolymers
like collagen and hyaluronic acid [118, 119]. Moreover, fibroblasts in the tumor
microenvironment are in an activated state. Activated fibroblasts, or myofibroblasts, secrete
copious amounts of ECM components. Additionally, myofibroblasts use specialized
receptors on their cell surface to engage these biopolymers and increase the overall ECM
rigidity [120, 121]. All these factors contribute to a reactive tumor microenvironment and an
increased resistance to diffusional drug transport within the tumor ECM [122].

It should be noted, however, the rigidity of tumor ECM is likely heterogeneous.
Overexpression of matrix metalloproteinases is a hallmark of many tumors and is associated
with increased tumor invasiveness [123]. The expression of this enzyme brings about
proteolysis of the collagen fibrils in the tumor [123], and should thus reduce matrix stiffness.
However, this reduction in matrix stiffness may be spatially and temporally limited. Tumor
cells present on the periphery are more likely to migrate [124]. Hence the stiffness of the
bulk of the tumor may not be affected by the expression of the protease.

2.4 Acidic and hypoxic microenvironment

Limited solute distribution within the tumor ECM also means reduced transport of oxygen to
the tumor cells. This leads to regions within the tumor that are hypoxic [125, 126]. Hypoxia
can directly and indirectly affect the effectiveness of chemotherapy (reviewed in [127]).
Many cytotoxics (eg.bleomycin) and photosensitizers (eg. porphyrin) rely on the production
of free radicals for their activity [128, 129]. The activity of these drugs is compromised
under hypoxia. Additionally, hypoxia reduces cell proliferation [130]. Since a number of
anti-cancer drugs selectively Kill rapidly dividing cells, these drugs are relatively ineffective
in these regions.

Hypoxia leads to stabilization of an otherwise labile transcriptional factor called hypoxia
inducible factor 1a (HIF1a) [131, 132]. This leads to the activation of several genes
associated with the hypoxia responsive element (HRE). MDRL gene is one of those genes
regulated by HRE [133]. As discussed before, upregulation of MDR1 gene leads to
resistance to drug therapy. It is thus conceivable that the hypoxic regions are rich in cells
expressing the efflux transporters.

Tumor cells rely on glycolysis for energy production. This phenomenon is termed as the
Warburg effect [134, 135]. Excess glycolysis, leads to the generation of lactic acid. Poor
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transport of nutrients in tumors is coupled with poor drainage of waste products as well.
Thus, lactic acid is not cleared from the tumor efficiently, resulting in a drop in local pH.
The acidic microenvironmental pH leads to ionization of weakly basic drugs such as
doxorubicin in the tumor ECM. Since ionized drugs do not cross cell membranes efficiently,
the acidic microenvironment limits intracellular drug accumulation and can, thus, lead to a
loss in therapeutic efficacy [136].

3. Approaches to overcome tumor drug resistance

3.1 Inhibition and evasion of drug efflux

Upregulation of efflux transporters is correlated with poor prognosis in a number of cancers
[77]. Consequently, a significant body of research has been directed towards overcoming
drug resistance by inhibiting or circumventing these transport processes. The use of NPs has
been central to many of these efforts [137]. NP-based therapies can be broadly categorized
into three different approaches. In the first approach, efflux activity is inhibited through the
use of specific formulation excipients. In the second approach, drug efflux is bypassed by
altering the intracellular distribution of the drug. Co-delivery of specific inhibitors is another
strategy to inhibit drug efflux.

3.1.1 Use of excipients that inhibit efflux transporters—NPs are multicomponent
systems consisting of various excipients including polymers, lipids, and/or surfactants.
While these materials have traditionally been considered inert, several studies have
documented their ability to inhibit efflux activity.

3.1.1.1 Surfactants: Surfactants are amphiphilic molecules comprising both hydrophilic and
hydrophobic groups. At concentrations above critical micellar concentration (CMC),
surfactants self-assemble to form micelles. In aqueous solutions, the hydrophobic core of
micelles can be used to solubilize lipophilic anti-cancer agents [138]. Surfactants are also
used to stabilize the surface of polymeric or lipid NPs to form stable amphiphilic colloids in
physiological fluids [139-141]. Thus, surfactants are arguably one of the most widely used
excipients in nano drug delivery systems [142, 143].

The potential of surfactants to sensitize resistant cells to chemotherapeutics was first
reported in drug-resistant CHO cells [144]. Since then, many groups have investigated the
use of surfactants to inhibit efflux transporters [145]. Woodcock et al. showed that various
surfactants were capable of overcoming drug resistance, with Cremophor® EL being the
most potent [146]. Pre-treatment or concomitant treatment of MDR cells with Cremophor®
EL significantly increased the cellular uptake and retention of daunorubicin. This effect
resulted from enhanced membrane fluidity in the presence of the surfactant. Using
fluorescence anisotropy, the authors observed a progressive decrease in membrane viscosity
with an increase in surfactant concentration [147]. However, the use of Cremophor® EL has
been associated with several toxicities including hypersensitivity and peripheral neuropathy
[148]. This has significantly limited the use of this excipient in clinical practice.

Pluronics are another class of surfactants that are extensively used in NP formulations [149,
150]. Pluronics are A-B-A type of block co-polymers consisting of poly(ethylene oxide) and
poly(propylene oxide) blocks. They have been shown to inhibit efflux transporters in
different MDR-cell types [151]. In fact, multiple mechanisms have been attributed to their
activity (Figure 3) (reviewed in [9]). In their seminal mechanistic studies, Batrakova et al.
showed that pluronic-85 brought about a concentration-dependent depletion in intracellular
ATP levels [152]. This energy depletion led to a decline in the activity of efflux transporters.
Using confocal microscopy, the same group later showed colocalization of fluorescently
labeled pluronic-85 with mitotracker red, a fluorescent label for mitochondria [153]. This
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provided additional evidence supporting the role of pluronics in interfering with
mitochondrial processes and cellular energetics. Similar to the studies with Cremophor® EL,
pluronic-85 also showed an increase in cell membrane fluidization [153]. It is possible that
the changes in membrane permeability induced by surfactants are relevant not only to the
cell membrane but also to intracellular organelle membranes. This may cause a loss in
polarity of mitochondrial membranes and a depletion of cellular ATP.

Based on pre-clinical efficacy data, a pluronic formulation of doxorubicin, SP1049C, is in
clinical trials [154]. SP1049C contains a mixture of two pluronics, L61 and F127. Results
from a phase Il clinical trial in patients with advanced adenocarcinoma of the esophagus and
gastroesophageal junction were reported recently for this formulation [154]. These studies
showed that the objective response rate in these patients was 47%. Previous clinical trials
with doxorubicin have documented an objective response rate of ~20%. The improved
response rate with SP1049C is highly promising and suggests that this formulation will
likely have an impact on tumor drug resistance.

Other surfactants have shown comparable efficacy in preclinical studies [145]. For example,
polyoxyl 15 hydroxystearate (solutol HS15) has shown potent activity in overcoming drug
resistance. Coon et al. showed that treatment of drug resistant KB8-5-11 carcinoma
epidermoid cells with solutol HS15 increased their sensitivity to doxorubicin [155].
Similarly, a recent study showed that paclitaxel encapsulated in lipid NPs stabilized with
polyoxyethylene 20 stearyl ether (Brij® 78) had enhanced cellular uptake and efficacy. The
authors confirmed that this action was due to ATP depletion caused by the surfactant [156,
157]. NPs stabilized with d-alpha tocopheryl polyethylene glycol 1000 succinate (Vitamin E
TPGS) also showed a similar effect [158].

With a multitude of surfactants demonstrating efflux inhibition, some studies have attempted
to identify structural features of the surfactant that are key to achieving maximal activity
[159]. One such study focused on various esters of ethylene oxide and fatty acids. Two
variables were evaluated: the type of fatty acid and the molar ratio of ethylene oxide to fatty
acid. The unsaturated version of C18 fatty acid (oleic acid) resulted in better MDR
modulation than the saturated C18 analog, stearic acid. In contrast to stearic acid, 12-
hydroxy stearic acid did not show any effect on efflux transport [160]. Maximal efflux
inhibition was found at a molar ratio of 20:1. This study shows that optimizing the ratio of
the hydrophilic fraction (ethylene oxide) to hydrophobic fraction (fatty acid) is essential to
maximizing the activity. In another study, Lo compared various surfactants ranging in HLB
values from 4 to 40. A maximal inhibition of efflux transport was seen at HLB values
between 10 and 17 [161]. Surfactants with different HLB values may vary in their ability to
partition into the cell membrane, and this may explain the effect of HLB values on the MDR
inhibitory activity of surfactants.

3.1.1.2 Polymers. Polymers lacking amphiphilic properties have also been shown to be
useful in overcoming drug resistance. In particular, poly(alkyl cyanoacrylate) has been
extensively studied for its ability to improve the intracellular transport of chemotherapeutics
[162-164]. An interesting mechanism, distinct from the ones discussed before, was
proposed by de Verdiéere et al. [165]. Doxorubicin, by itself, was ineffective against the
drug-resistant P388-ADR leukemia cell line. However, NP-encapsulated drug showed a
significantly higher toxicity. On further investigation, the authors found that NPs were not
internalized effectively into cells, thus ruling out enhanced cellular uptake as a possible
mechanism of improved efficacy. A degradation product of the polymer, poly(cyano acrylic
acid), was found to form a complex with the cationic drug. This uncharged complex was
transported into the cells much more efficiently than the charged drug molecule [165].
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Another mechanism suggested by this research relates to saturation of efflux transport. NPs
that rapidly release their entire payload near the cell membrane could achieve very high
local drug concentration and thus saturate the efflux transporter. The authors showed that
poly(isobutyl cyanoacrylate) NPs (showing rapid drug release) successfully overcame drug
resistance through saturation of efflux activity. However poly(isohexyl cyanoacrylate) NPs
(showing a slower drug release) were ineffective in saturating the efflux transporters. The
proposed saturation mechanism is plausible in vitro where the concentration of the drug used
was ~0.1-10 pg/mL [165]. However, such high local concentrations may not be achievable
in vivo, potentially limiting the significance of this mechanism.

It was later shown that doxorubicin encapsulated in poly(isohexyl cyanoacrylate) NPs could
successfully overcome tumor drug resistance in vivo [166]. In a chemo-resistant transgenic
mouse model of hepatocellular adenocarcinoma, the authors found that free doxorubicin
showed a modest cytotoxic effect. However, there was almost a 3-fold increase in the
apoptotic index when doxorubicin was encapsulated in NPs [166]. This was likely due the
formation of an uncharged complex between the drug and the degradation product of the
polymer, leading to higher intracellular drug concentrations.

Another polymer with reported P-gp inhibitory potential is poly(ethylene glycol) (PEG)
[167-169]. PEG is extensively used in NP formulations to provide a hydrophilic corona, to
stabilize carriers in physiological fluids, and to evade macrophage uptake [170]. In a rat
intestinal model, Shen et al. showed that various molecular weights of PEG were capable of
inhibiting the P-gp-mediated efflux of rhodamine-123 [171]. However, PEG was not very
potent in inhibiting P-gp. For example, PEG 20,000 decreased the secretory transport of rat
intestinal membrane by ~65% at a concentration of 5% w/w. In contrast, pluronic-85
showed a 50% depletion in ATP levels at a concentration as low as 0.00067% w/w [9].
Additionally, it remains to be seen if such an inhibition is capable of reversing drug
resistance in tumor cells.

3.1.2 Efflux bypass by altering sub-cellular localization of drug

3.1.2.1 Endocytosis Vs. diffusion: Most drug molecules enter cells by diffusion across the
cell membrane [172]. This unprotected passage of drug through the cell membrane makes it
vulnerable to the action of efflux transporters [172]. NPs are too large for diffusion-
mediated transport. NP-encapsulated drug is taken up through endoctytic vesicles, which
deposit the drug in the perinuclear regions, away from the cell membrane and closer to its
site of action [173-176]. This can lead to a higher intracellular concentration of the drug and
greater therapeutic activity (Figure 4).

Though altered drug distribution was regarded as one of the mechanisms for NP-mediated
MDR reversal, there was a lack of convincing evidence supporting this hypothesis [176—
178]. Recently, a lipid-polymer NP system developed by Wong et al. offered some
interesting insights [179]. The authors showed that the excipients used in the system did not
have any effect on the efflux transport process [180]. Only encapsulation of the drug within
this “hybrid” carrier resulted in a change in the sub-cellular distribution of the drug. This led
to a reversal of drug resistance in a human cell line MDA435/LCC6/MDRL1, and a mouse
cell line, EMT6/ARL. This reversal was attributed to altered route of entry of the drug into
the cells [179]. In another study, surfactant-polymer NPs loaded with doxorubicin were
tested in NCI-ADR/RES cells [181]. The authors found that NP-encapsulated doxorubicin
was significantly more cytotoxic than the free drug. Previous reports had shown that the
polymer (alginate) used in these studies had no effect on drug efflux [162].While the
surfactant used in the formulation (docusate sodium) may have P-gp inhibitory activity, the
mechanism of efflux inhibition was not investigated. However, the intracellular localization
of the drug was different when the drug was administered in the form of NPs.
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Additional evidence for the role of altered intracellular distribution was provided by
extensive work done in the field of polymer-drug conjugates. Polymer-drug conjugates,
similar to NPs, are unable to enter the cell via diffusion. Omelyanenko et al. showed that the
uptake of N-(2-hydroxypropyl) methacrylamide (HPMA) — adriamycin conjugate by
endocytosis led to higher intracellular concentrations and higher potency in A2780/AD
resistant ovarian cancer cell line [172, 182]. Confocal laser scanning microscopy confirmed
that the increased potency was due to an altered route of entry into the cells for the drug-
polymer conjugate.

3.1.2.2 Triggered intracellular drug release: An inherent limitation of NP systems is the
leakage of drug while the carrier is in systemic circulation. As a result, a fraction of the drug
is still subject to efflux. This decreases the targeted bioavailability and hence the
effectiveness of the drug. An interesting approach to overcome this limitation is to trigger
drug release in response to specific intracellular cues. Upon endocytosis, NPs are trafficked
into early and late endosomes, which eventually fuse with lysosomes. This exposes NPs to a
gradually decreasing pH environment. Several groups have utilized this low pH as a trigger
to release drug from NPs [183-186]. These systems ideally show no or limited drug release
at physiological pH.

A detailed investigation of such a system was reported by Wang and coworkers [187]. This
group used gold NPs covalently conjugated to doxorubicin using a PEG spacer. Conjugation
of doxorubicin to PEG was done via either a pH-sensitive hydrazone bond or a pH-
insensitive carbamate bond. When conjugated to the NP surface, the close proximity of gold
and doxorubicin quenched the fluorescence of the drug. This allowed for evaluation of the
intracellular drug release. In comparison to that with the free drug, the intracellular
concentrations achieved with NP-conjugated drug were higher in the drug resistant MCF-
ADR cells but not in drug sensitive MCF-7 cells. However, drug conjugated via the pH-
sensitive hydrazone bond but not via the carbamate bond was successfully released
intracellularly. This resulted in a significant decrease in the IC50 values of doxorubicin
encapsulated in the pH-sensitive formulation. In fact, the IC50 values of free drug and drug
bound via the carbamate bond were identical. This report highlights two important
properties a formulation should possess. First, it should be able to protect the drug from
efflux pumps. Second, the formulation should be able to release the drug in the perinuclear
regions, away from the efflux pumps and near the site of drug action [187].

A similar phenomenon has been shown by other groups using iron oxide nanoparticles
[188], polymer micelles [189], and liposomes [190]. All these reports suggest the need to
protect the drug from the environment until the drug reaches its target site of action.

3.1.2.3 Altering rate of drug release at the site of action: The rate of drug release has also
been shown to play an important role in overcoming drug resistance. Gao et al. reported an
elegant example of NP-engineering to improve drug delivery to resistant cancer cells [191].
This group synthesized doxorubicin loaded mesoporous silica NPs with varying pore sizes.
With an increase in pore size, the rate of drug release from these particles increased.
However, NPs showed drug release only under acidic conditions such as those found in late
endosomes.

The authors found that free drug and NP-loaded drug were taken up to the same extent by
sensitive MCF-7 cells. However, encapsulation in NPs resulted in a dramatic increase in the
uptake of doxorubicin in resistant cells. On further investigation, the authors found that there
was a significant difference in the intracellular drug concentrations and cytotoxicity
achieved by the different NP-formulations in resistant cells. NPs that showed rapid drug
release resulted in the highest intracellular drug concentrations and hence highest potency.
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Faster release, following uptake, led to a rapid increase in intracellular concentrations and
greater cytotoxicity in vitro [191]. It must be noted, however, that even under acidic
conditions, NPs released only 30-35% of their cargo over 30 hours. Hence, a major portion
of the drug would likely remain bound to NPs and be potentially unused.

3.1.3 Simultaneous delivery of drugs and efflux inhibitors—In addition to the
serendipitous use of active excipients, multiple pharmacologically active agents have been
used intentionally for inhibiting efflux transporters. Initial studies were performed with ‘first
generation' inhibitors such as cyclosporine and verapamil, which were already in use for
other indications [192]. Clinical trials with these agents failed to prove the role of P-gp in
drug resistance [193]. A number of factors such as absence of confirmation of P-gp
expression in the tumors and unexpected dose-limiting toxicities of P-gp inhibitors could
have contributed to this failure [5]. In 2001, List et al. published the long-term results of
treatment of acute myelogenous leukemia with daunomycin in combination with the P-gp
inhibitor cyclosporine [194]. These results were the first to indicate the survival advantage
of the combination treatment. Second generation inhibitors (e.g., PSC 833, VX-710) were
developed solely for the purpose of overcoming drug resistance [195]. These agents were
tested in clinical trials in various malignancies for which there was evidence of P-gp
expression or were associated with a poorer therapeutic outcome [196]. One major limitation
of these trials, however, was the reduction in anticancer drug doses that was required with
concurrent administration of the inhibitor [6]. P-gp inhibitors increased the serum levels of
the co-administered chemotherapeutic drug. Due to this pharmacokinetic interaction, the
dose of the drug had to be reduced. A number of studies found that this reduction in dose led
under-treatment of patients, which could have contributed to the failure of these combination
treatments [6]. Pharmacokinetic interactions between the P-gp inhibitor and the drug could
also result from inhibitors’ ability to inhibit other proteins involved in drug metabolism such
as cytochrome P450 [7]. Third-generation inhibitors (tariquidar, zosuquidar, laniquidar, and
ONT-093) have high potency and greater specificity for P-gp.

A primary concern even with the third generation inhibitors is that these agents may increase
the side effects of chemotherapy by blocking physiological anticancer drug efflux from
normal cells [197]. This is a relevant concern, because P-gp plays important roles in the
physiological regulation of endogenous compounds and xenobiotics in the body [198]. It is
therefore important to limit the exposure of normal cells and tissues to the efflux inhibitor
and anticancer drug combination. Secondly, the differences in physico-chemical properties
of the anticancer drug and efflux inhibitor may result in differences in the pharmacokinetics
and tumor accumulation of the two agents. For optimal efficacy, both the drug and the
inhibitor need to be temporally co-localized in the tumor cells.

Nano drug delivery platforms have the potential to overcome MDR by enabling
simultaneous delivery of chemotherapeutics and efflux inhibitors. For example,
administration of vincristine and verapamil in a single co-encapsulated poly(lactic-co-
glycolic acid) (PLGA) NPs was more effective means of reversing drug resistance in vitro,
than either single agent in multiple MDR cell lines [199, 200]. Similarly PLGA NPs loaded
with both paclitaxel and tariquidar were effective in inducing cytotoxicity in drug resistant
cell lines JC and NCI/ADR cells in vitro and in vivo (Figure 5) [8]. Polymer-lipid
nanoparticle systems containing tristearin and steric acid as lipid components, with pluronic
F68 polymer, was able to efficiently coencapsulate doxorubicin and elacridar and overcome
MDR in a drug-resistant breast cancer cell line [201].

Another strategy involves the use of NPs containing both a chemotherapeutic agent and
SiRNA targeting the P-gp transcript. When using P-gp gene silencing to overcome drug
resistance, the potential for kinetic differences in gene silencing and the availability of

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kirtane et al.

Page 13

chemotherapeutic agents at the target site is a concern. Differences in size, biodistribution,
and other physical characteristics of siRNA-transfection complexes and small molecule
chemotherapeutics could give rise to differences in biodistribution. However, for optimum
efficacy, the chemotherapeutic agent should be available at its target site when the gene is
silenced. The use of mesoporous silica nanoparticles loaded with doxorubicin and siRNA
targeting the P-gp transcript demonstrated synergistic inhibition of tumor growth than the
single agent-loaded NPs in an orthotopic model of breast cancer [202]. In a similar study,
poly(ethylene oxide)-modified poly(beta-amino ester) (PEO-PbAE) and PEO-modified
poly(epsilon-caprolactone) (PEO-PCL) NPs were formulated to efficiently encapsulate
MDR1 silencing siRNA and paclitaxel. Combination of MDR1 gene silencing and
nanoparticle-mediated delivery significantly improved the cytotoxic activity of paclitaxel in
SKOV3TR cells [203]. Active targeting of nanoparticles to cancer cells via biotin-
functionalized PLGA NPs loaded with both P-gp-targeted siRNA and paclitaxel was able to
overcome drug resistance in vitro as well as in vivo [204].

Encapsulation of efflux inhibitors in NPs can potentially limit the distribution of these
agents and significantly limit their side effects. However, altered biodistribution of NP-
encapsulated drug can have unintended consequences. As observed with Doxil,
encapsulation of doxorubicin in liposomes was able to limit its cardiotoxicity. However,
new side effects such as hand-foot syndrome and mucositis were observed because of
certain physicochemical properties of the formulation [205]. Hence, it is possible that the
side effects of efflux inhibitors may not be completely eliminated with the use of nano-
encapsulation. However, if these newer side effects are milder than the existing ones,
nanotechnology may still be an attractive alternative.

3.2 Improving transport

The vast body of evidence supporting the reversal of drug resistance by NPs offers a
promising strategy to overcome an important problem in cancer therapy. In order to
maximize this potential, it is critical that NPs (or at least the released therapeutic agent)
reach every tumor cell. However, NPs are often limited to regions immediately adjacent to
the blood vessels [90, 92]. Paradoxically, it is the regions away from the blood vessels that
are rich in drug-resistant and aggressive cells [93]. The ability of NPs to overcome MDR
will hence be realized only if they reach these poorly-perfused regions. Thus, any discussion
of the use of nanotechnology to overcome drug resistance is incomplete without considering
the problem of transport resistance in tumors. Several adjunct therapies have been proposed
to enhance the transport of molecules in the tumor ECM. We provide here a summary of the
progress made in this field and their possible implications for overcoming MDR using
nanotechnology.

3.2.1 Inhibition of angiogenesis to improve drug delivery to tumors—1Jain and
co-workers proposed that the delivery of drugs to tumors is limited because of a faulty
“delivery system” [111]. This “delivery system” referred to the blood vessels supplying the
tumor. The leakiness of tumor blood vessels contributes to elevated IFP in tumors [116].
Consequently, it was hypothesized that repairing the tumor vasculature could reverse the
elevated IFP. This would, in turn, lead to improved drug delivery and penetration. This
process of inhibiting tumor vasculature and restoration of a normal phenotype has been
termed as vascular normalization [111]. Such normalization includes various characteristics
such as increased pericyte coverage, decreased vessel diameter, decreased blood volume,
establishment of vessel hierarchy and enhanced tissue coverage by the blood vessels.

However, literature reports have been somewhat equivocal about the utility of this technique
[206—209]. Some studies show that decreasing vascular permeability improves the delivery
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of drugs to the tumors [210]. Others suggest that increasing vascular permeability may
improve drug delivery [211, 212]. Some of these conflicting results can be attributed to
differences in tumor models used, and the inherent heterogeneity between tumors. Some
reports suggest that lack of techniques to monitor and characterize the phenomenon of
vascular normalization limits our understanding [111]. Nevertheless, a huge body of
research has established that inhibiting angiogenesis is a highly effective but a temporary
method to improve drug delivery and penetration into solid tumors [207, 213, 214]. In the
following sections, we will summarize the pre-clinical and clinical studies that have
investigated different strategies for inhibiting tumor vasculature.

3.2.1.1 VEGF inhibitors: Amongst several pro-angiogenic factors, VEGF is one of the
most potent [109, 215]. It acts through tyrosine kinase receptors VEGFR1 and VEGFR?2
[216, 217]. Initial efforts to inhibit VEGF resulted in the discovery of bevacizumab, a
humanized monoclonal antibody that binds to VEGF and prevents its activity [218]. It is the
first anti-angiogenic approved by the FDA for multiple indications including colorectal,
lung, renal cancers, and glioblastoma [218, 219]. Other VEGF inhibitors include pazopanib,
sorafenib, sunitinib, and vandetanib. Although inhibitors of the VEGF pathway have shown
only modest efficacy as a monotherapy [220, 221], they hold tremendous promise in
improving the delivery of co-administered chemotherapeutics [222].

The initial motive behind using VEGF inhibitors for monotherapy was to inhibit
angiogenesis and ‘starve’ the tumor [223, 224]. The redundancy of angiogenic pathways has
limited the clinical utility of this approach [225, 226]. Yet, certain transient morphological
and functional changes to vasculature in response to VEGF inhibition (vascular
normalization) leads to decreased IFP and improved drug delivery [227].

Tong et al. showed that DC101 (VEGFR2 blocker) could cause vessel normalization in
mouse xenograft models of small cell lung cancer and glioblastoma [228]. This resulted in a
significant decrease in vascular permeability and IFP. The decrease in IFP led to improved
penetration of macromolecules like albumin and lectin in these tumors. Using
immunostaining, the authors determined that there was no change in the lymphatic drainage
from the tumor, suggesting that the decrease in tumor IFP was only due to the changes in the
blood vessels [228].

3.2.1.2 Other targetsfor vascular normalization: Several other molecular targets have
been explored for vessel normalization [12, 229]. The EGFR is upregulated in multiple
cancers [230]. A consequence of EGFR activation is the increased secretion of VEGF. Thus,
VEGF secretion can be decreased by inhibiting EGFR [231, 232]. In a recent report,
Cerniglia and co-workers [233] showed that inhibiting the EGFR pathway could lead to
vessel normalization. Treatment with erlotinib (an EGFR inhibitor) led to a decreased
expression of VEGF, increased tumor perfusion and increased delivery of cisplatin. This
resulted in enhanced therapeutic activity of cisplatin as compared to that with drug
administration alone [233]. However, inhibiting the EGF pathway has resulted in a mixed
response in clinical trials with no, moderate or good results [234-238].

Phosphoinositol-3-kinase (PI3K), like EGF, is another element upstream of VEGF. Qayum
et al. showed that inhibiting PI13K leads to vessel normalization and improved therapeutic
response to doxorubicin [239]. Similarly, selenium agents have been shown to have anti-
angiogenic effects. They elicit their effects by down-regulating the expression of pro-
angiogenic factors like cyclooxygenase-2 and nitric oxide synthase [240-242]. Bhattacharya
et al. showed that treatment with methylselenocysteine led to an increased delivery of
doxorubicin to human head and neck squamous carcinoma xenografts [243]. This effect was
elicited through vessel maturation caused by methylselenocysteine [243].
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The redundancy of angiogenic pathways can result in the development of resistance to
therapies that rely on specific signaling pathways [217]. Escorcia and co-workers
demonstrated that targeted radiation can be used to bring about vessel normalization [244].
The authors used a monoclonal antibody that identified specific epitopes on tumor
neovasculature. This antibody was conjugated to actinium-225, which emits short range a
particles. Pretreating tumors with targeted actinium 225 resulted in tumor vasculature
normalization. This, in turn, led to an enhanced response to a combination treatment
consisting of leucovorin and 5-fluorouracil [244].

3.2.1.3 Concentration and time dependency of vascular nor malization: There has been
considerable debate about the mechanism by which anti-angiogenic drugs improve the
delivery of chemotherapeutics. Some reports suggest that inhibiting angiogenesis leads to
decreased perfusion, while others have showed an increase. This has been complemented
with data showing either decreased or increased drug delivery to the tumor [206].

The disparities in therapeutic response to anti-angiogenic therapies may be due to the
concentration and time dependence of this technique. This dependence has been termed as
the normalization window [111]. At sub-therapeutic concentrations of VEGF inhibitors,
there may not be any effect on the blood vessels or on drug delivery. At very high
concentrations, these therapies may completely destroy the vasculature. This will diminish
drug delivery to the tumor [245]. Additionally, vessel normalization is highly transient. If
the anti-angiogenic therapy is prolonged, the tumor vasculature could become inadequate for
drug delivery [246]. Dickson et al. showed that the duration of vessel normalization depends
on the physicochemical properties of the anti-angiogenic therapy as well as the type and
location of the tumor [207]. The time dependence of vessel normalization also means that
additional imaging techniques will be required to determine the normalization window for
drug delivery. This somewhat limits the use anti-angiogenics. However, in a very interesting
report, Rolny et al. presented a novel strategy to induce vascular normalization [247]. The
authors showed that histidine-rich glycoprotein (HRG) could inhibit angiogenesis both
directly and by converting tumor associated macrophages to an M1-like phenotype. The
latter effect resulted in a longer vascular normalization window [248]. Such strategies with
sustained responses hold significant promise in improving the delivery of chemotherapeutics
[248].

Another source of disparity in measuring the activity of anti-angiogenics may stem from the
current methods of characterization. Anti-angiogenic drugs can alter two parameters
associated with chemotherapeutics: drug deposition and drug penetration. When one
measures drug deposition in the tumor, concentrations are assessed as a whole. These
concentrations may be localized in particular foci within the tumor and may not be
representative of the therapeutic activity. Drug deposition may be a function of blood supply
and may decrease with declining perfusion. However, the presentation of drug to resistant
and hypoxic cells (function of drug penetration) is governed by intratumoral transport,
which increases in response to a decrease in IFP [249]. Therapeutic response to the drug is a
combined effect of both drug deposition and drug penetration. Thus, in order to
comprehensively quantify the activity of anti-angiogenics, it is important to monitor both
these parameters [249].

3.2.1.4 Suitability of anti-angiogenic therapy to improve NP transport: The use of anti-
angiogenic drugs has been shown to have both positive and negative effects on the tumor
delivery of nanomedicine. In a recent study, Vlahovic et al. found that pre-treatment with
imatinib (a PDGFR-B inhibitor) led to enhanced accumulation of Doxil® in a mouse model
of non-small cell lung cancer [250]. The same group later showed that treatment with
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pazopanib (inhibitor of VEGF and PDGF receptors) led to a decrease in the penetration of
Doxil® in the same tumor model [251].

A recent study by Chauhan et al. offers some directions for the use of anti-angiogenics with
nanotherapeutics [252]. The authors used DC101 as the VEGF blocker in combination with
quantum dots of various sizes. In an orthotopic mouse mammary tumor model, the authors
found that DC101 enhanced the penetration of NPs in a size-dependent manner. The
advantage associated with the use of anti-angiogenic therapy was maximal for particles < 60
nm in size (Figure 6). The authors also found that there was a significant benefit of using
DC101 in combination with Abraxane® (~10 nm diameter) but not with Doxil® (~100 nm
diameter). The size dependence of this advantage is yet to be measured in different tumor
models [252]. If the degree of normalization is variable amongst tumors, it is likely that this
size dependence will also show a similar trend.

3.2.2 Modifying tumor matrix to improve drug penetration—Tumor vessel
normalization is an attractive strategy for enhancing the penetration of small molecules and
macromolecules. Nonetheless, vascular normalization results in a reduction in the vascular
pore size. To effectively utilize this technique for improving the delivery and penetration of
NPs, the particle size of NPs has to be in the ~20 nm size range [253]. However, drug
loading is severely compromised in such small particles, making these formulations
impractical for in vivo use. Thus, alternative strategies to decrease IFP and to enhance
intratumoral penetration of colloidal carriers are necessary. Altering the composition of the
tumor extracellular matrix (ECM) provides another route to improve the tumor tissue
distribution of NPs. The tumor ECM can be modified by either using enzymes that degrade
specific ECM components or by modifying the tumor-associated cells that directly affect the
behavior of ECM components.

3.2.2.1 Tissue digesting enzymes: The tumor matrix is rich in collagen and hyaluronic acid
[254], making them obvious targets for enhancing drug delivery. The effect of hyaluronic
acid-digesting enzyme, hyaluronidase, was first reported by Maier et al. in patients with
bladder cancer [255]. In their seminal studies, the authors found that co-administration of
hyaluronidase with mitomycin-C significantly reduced the recurrence of bladder cancer in
comparison to patients who received only the chemotherapeutic. Other groups later showed
that the efficacy of chemotherapeutics could be enhanced by using hyaluronidase in multi-
cellular spheroid models in vitro and in pre-clinical tumor models [256-259]. Brekken et al.
were the first to show that intratumoral injection of hyaluronidase decreased IFP in
orthotopic osteosarcomas in mice without affecting the arterial pressure [260]. The resultant
increase in transvascular gradient may have led to the observed enhancement in drug
delivery. The same group later confirmed that periodic fluctuations in IFP brought about by
hyaluronidase administration increased the delivery of antibodies [261]. Subsequently, the
effect of hyaluronidase administration on the uptake and distribution of Caelyx ™
(pegylated liposomal doxorubicin hydrochloride) was measured [262]. Intratumoral
administration of hyaluronidase led to an increase in tumor deposition of the formulation.
More importantly, the distribution profile of the delivery system was altered. In the absence
of the enzyme, liposomes were regionalized to the rim of the tumor. However co-
administration of the enzyme led to increased penetration of the liposomes to the core of the
tumor (Figure 7). Recently, Provenzano et al. reported a novel mechanism that may operate
in improving drug delivery in response to hyaluronidase administration [263]. The authors
found that K-ras driven pancreatic tumors in genetically modified mice were nearly
avascular. Systemic administration of pegylated hyaluronidase led to the opening up of
previously dysfunctional blood vessels. This led to enhanced delivery and efficacy of co-
administered gemcitabine. This is the first study to show that enzymatic ablation of tumor
ECM can restore blood supply, leading to increased drug delivery [263].
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The other ECM target for improving tumor penetration of chemotherapeutics is collagen. In
an orthotopic osteosarcoma mouse model, Eikenes et al. showed that systemic
administration of collagenase led to a rapid decline in tumor IFP, with only minor effects on
the arterial blood pressure [264]. The resulting transcapillary gradient was maintained for
nearly 24 hours. This led to enhanced delivery and penetration of a fluorescently-labeled
antibody [264]. McKee et al. examined local injection of collagenase to improve the
intratumoral distribution of an oncolytic virus [265]. Transfection of tumor cells with the
virus was detected by expression of green fluorescent protein (GFP). Without collagenase
co-administration, the virus was localized in regions that lacked collagen. Consequently,
GFP expression was found only in limited regions within the tumor. Co-injection of
collagenase significantly improved the distribution of the virus. This was confirmed by
extensive GFP expression over the entire tumor. It is interesting to note that the virus had a
hydrodynamic diameter of 150 nm, a size comparable to that of many NP formulations
reported in the literature. Zheng and co-workers reported similar results [266]. The authors
found that intratumoral administration of collagenase led to improved distribution of Doxil®
in head and neck tumor xenografts. Interestingly, collagenase activity was observed only
following local injections [266].

The above study by Zheng et al. highlights some key issues [266]. First, the toxicity
associated with the use of these tissue-degrading enzymes is an important issue. Both
collagen and hyaluronic acid are ubiquitously expressed in the body [263]. They form
important components of the ECM and are essential for the function of vital organs.
Intratumoral administration of these enzymes may prevent systemic toxicity. However,
many tumors that require chemotherapeutic intervention may not be accessible by such local
treatment. Second, the improvements in drug transport achieved with ECM degradation are
transient. Collagen and hyaluronic acid are replenished within 8-24 hours [264, 267]. Since
NP accumulation in the tumor is a relatively rapid event (few hours), transient decrease in
ECM levels will help improve NP delivery to tumors [268]. However, NP penetration within
a tumor is a relatively slower event [269, 270]. Thus, the transient nature of this technique
may not improve the tissue transport of NPs. One possible strategy to overcome this
problem is to immobilize the enzyme on the surface of NPs. This will ensure colocalization
of NPs and the enzyme. Moreover, the passive targeting effect of NPs may limit the
distribution and toxicity of the enzyme. An example of this approach was provided by
Goodman et al.[271]. In that study, collagenase was physically adsorbed on the surface of
polystyrene NPs. The adsorbed enzyme degraded collagen and improved the penetration of
NPs in an in vitro multicellular spheroid model [271]. The study, however, did not examine
the performance of this system in vivo. Rapid desorption of a physically adsorbed enzyme in
the presence of plasma proteins may be a significant limitation of this approach. Covalent
conjugation of the enzyme to the NP surface may overcome this limitation [272].

The choice of ECM component to be targeted for improving drug penetration is interesting.
Collagenase administration has been unequivocally shown to increase drug penetration.
However, there are conflicting reports regarding the utility of hyaluronidase for improving
drug penetration [273]. In an interesting report, Netti et al. proposed that proteoglycans such
as hyaluronic acid resemble “aqueous cages” [274]. These aqueous cages are passages
through which the drug carrier can diffuse freely. Thus, eliminating these cages by
degrading hyaluronic acid could hinder the transport of drug carriers. On the other hand, the
solid collagen matrix may not offer a conducive environment for transport, and degrading
collagen could, therefore, improve carrier distribution. The authors suggest that the amount
of any ECM component does not dictate the magnitude of the effect it has on transport
resistance. The structural assembly and organization of the component could play a more
important role [274].
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3.2.2.2 Modifying stromal cells: In addition to degrading the tumor stroma, an interesting
alternative is to inhibit the secretion of ECM components by the stromal cells. An elegant
example of this hypothesis was shown by Olive et al. [275]. Using a genetically engineered
mouse model, the authors determined that pancreatic cancers had very little vascular
coverage and that drug delivery to these tumors was severely impeded. The hedgehog
signaling pathway was constitutively active in tumor-associated stromal cells. This led to the
secretion of large amounts of ECM components. The authors showed that concomitant
administration of a hedgehog pathway inhibitor (IPI1 926) greatly increased the delivery and
therapeutic efficacy of gemcitabine. A very recent report showed the safety of the IPI 926 in
phase I clinical trials [276].

In another study, treatment with losartan was shown to decrease collagen | synthesis by
fibroblasts in carcinomas [277]. Those effects were brought about through inhibition of the
activity of transforming growth factor B (TGF ). The decrease in collagen content was
sustained for a period of two weeks in a dose-dependent manner. Decreased collagen
content was associated with an increase in the tumor penetration of liposomal doxorubicin
and an increased therapeutic response [277].

4. Conclusions

Development of resistance to multiple drugs is a key obstacle to achieving successful
treatment outcomes in many cancers. Tumor cells overexpress efflux transporters, which
reduce intracellular drug accumulation and efficacy. NPs offer an attractive platform to
overcome drug resistance. Many of the excipients used in fabricating NPs possess intrinsic
efflux pump inhibitory activity. Intracellular distribution of NPs to specific loci in the cell,
away from the activity of efflux pumps can also shield the encapsulated drug from
transporters. An additional approach is to co-deliver specific inhibitors of transporter
activity or function with the chemotherapeutic. However, poor intratumoral penetration of
NPs limits their potential. Approaches that improve NP transport in tumors can significantly
enhance their activity. Normalizing tumor vasculature has shown promising results with
small molecules. Some NP formulations can also benefit from this approach. The field of
ECM maoadification is relatively under-studied and holds tremendous potential for improving
the therapeutic outcomes in hard-to-treat, avascular tumors.
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NBDs nucleotide binding domains
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VEGF vascular endothelial growth factor
HIF hypoxia inducible factor
HRE hypoxia responsive element
CSCs cancer stem cells
CMC critical micellar concentration
PEG poly(ethylene glycol)
PLGA poly(lactide-co-glycolide)
EGF epidermal growth factor
TGFp transforming growth factor
EMT epithelial to mesenchymal transition
HLB hydrophilic lipophilic balance
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EGFR epidermal growth factor receptor
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Increasing distance from blood vessel

Figure 1. Opportunities and challengesin utilizing nanotechnology to overcomedrug resistance
Nanoparticles can inhibit drug efflux through (i) altered cellular distribution of the
encapsulated drug (ii) use of specific excipients and (iii) co-delivery of agents that can
inhibit efflux transporters. The drug resistant cells are often located farther away from blood
vessels. High transport resistance within tumors limits NPs to regions adjacent to the blood
vessels. It is critical that NPs reach areas distant from the blood vessels in order to
effectively overcome drug resistance. Key: Blue cells - drug sensitive cells; yellow cells -
resistant cells; grey area - tumor ECM; light blue circles - nanoparticle excipients; red dots -
chemotherapeutic drug; blue triangles - efflux pump inhibitor
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Figure 2. Forcesthat regulate transcapillary transport in tissues

The figure shows the hydrostatic and colloid osmotic pressures in capillaries (Pcap and
COPcap, respectively) and the surrounding interstitium (P, and COP)g, respectively) in
normal tissues (a) and tumor tissues (b). It should be noted that values are approximate. (a)
In normal human capillaries, the COPcap is about 28mmHg, which tends to keep fluid in
the capillaries. The forces that tend to move fluid out from the capillaries are the Pcap
(about 20mmHg), the COPr (about 8mmHg) and the P,g, which is normally negative (-1 to
-3mmHg). So there is normally a net outward filtration pressure from the capillaries in
tissues of 1-3mmHg. This outward pressure assures a flow of fluid out from the vessels and
through the interstitium, and contributes to transport of molecules to and from cells. (b) In
tumor tissues, the COP g is increased to about 20 mm Hg and the P is increased to 10-30
mm Hg, resulting in some tumors in a net outward pressure of about 2 mm Hg (which is
similar to that of normal tissues), but in other tumors in a net inward pressure of up to 18
mm Hg. Reprinted with permission from [12]. The equation describes Starling’s law. Mass
flux across the capillaries is governed by the hydraulic conductivity (Lp), blood vessel
surface area (S), and pressure difference (AP). o indicates the reflection co-efficient.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 November 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kirtane et al. Page 37

P
o MRP

Pluronic

et [ GSH/GST! |

f
7\‘ Acidic

\9\ vesicles

D

Nucleus

MDR Cell

Figure 3. Schematic presenting multiple effects of Pluronic block copolymersdisplayed in MDR
cell

These effects include (a) decrease in membrane viscosity (‘fluidization’); (b) ATP depletion;
(c, d) inhibition of drug efflux transport systems; (e) reduction in GSH/GST detoxification
activity; and (f) drug release from acidic vesicles in the cell. Effects of Pluronic block
copolymers on apoptosis (g) are not sufficiently studied at present. Reprinted with
permission from [9].
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Doxorubicin Doxorubicin- Gold NPs

24 hours

48 hours

Figure 4. Different intracellular localization of NPsand free drug

Confocal laser microscopic observation of MCF-7/ADR cells incubated with free
doxorubicin (DOX) or DOX-tethered AuNPs for 24 and 48 h. The dose of doxorubicin or its
equivalent was 5 pg mL1 in the cell culture. The cells were counterstained with DAPI (blue)
for the cell nucleus and Alexa Fluor 488 phalloidin (green) for the cell membrane. Reprinted
with permission from [187]. © 2011 American Chemical Society.
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Figure 5. Enhanced cytotoxicity of dual agent nanoparticlesin drug-resistant cell lines

(A) JC and (B) NCI-ADR-RES. Cells were incubated with treatments for 24 h and the cell
viability was determined by MTS assay. Legend: PX-NP — Nanoparticles containing
paclitaxel; PXTAR-NP — Nanoparticles containing paclitaxel and tariquidar; PX-SOL —
Paclitaxel insolution; PX-TAR-SOL — Paclitaxel and tariquidar in solution; and TAR-SOL
— Tariquidar in solution. Data as mean+S.D.; n=10. Reprinted with permission from [8].
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Figure 6. Effects of vascular normalization on nanoparticle delivery in tumors

Nanoparticle penetration versus particle size in orthotopic 4T1 mammary tumors in response
to normalizing therapy with DC101. Nanoparticle concentrations (denoted by pseudocolour)
are relative to initial intravascular levels, with vessels shown in black. Normalization
improves 12 nm particle penetration while not affecting 125 nm penetration. Scale bar, 100
mm. Reprinted with permission from [252].
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Figure 7. Distribution of liposomal doxor ubicin in hyaluronidase treated osteosar comas
Distribution of liposomal doxorubicin in osteosarcoma xenografts treated with liposomal
doxorubicin alone (16 mg kgl) (A) or liposomal doxorubicin combined with hyaluronidase
(1500 V) (B). Representative images of doxorubicin (green) relative to capillaries (red) are
presented from the rim to the center of the tumor sections. Reprinted with permission from
[262].
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