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Abstract

Understanding the biological features of cancer is the basis for designing efficient anti-cancer
nanomedicines. On one hand, important therapeutic targets for anti-cancer nanomedicines need to
be identified based on cancer biology, to address the unmet medical needs. On the other hand, the
unique pathophysiological properties of cancer affect the delivery and interactions of anti-cancer
nanomedicines with their therapeutic targets. This review discusses several critical cancer
biological properties that challenge the currently available anti-cancer treatments, including cancer
heterogeneity and cancer stem cells, the complexcity of tumor microenvironment, and the
inevitable cancer metastases. In addition, the biological bases of the enhanced permeability and
retention (EPR) effect and tumor-specific active targeting, as well as the physiological barriers for
passive and active targeting of anti-cancer nanomedicines are covered in this review.
Correspondingly, possible nanomedicine strategies to target cancer heterogeneity, cancer stem
cells and metastases, to overcome the challenges related to tumor passive targeting and tumor
penetration, and to improve the interactions of therapeutic payloads with the therapeutic targets
are discussed. The focus is mainly on the designs of polymeric anti-cancer nanomedicines.
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Introduction

The last several decades witnessed a largely improved understanding of the biological
processes of tumorigenesis, malignant transformation and tumor progression, as well as
rapidly developing anti-cancer therapies that improved cancer patients' survival. However,
the achievements hardly changed the fact that cancer remains the top cause of morbidity and
mortality (Jemal et al., 2010). The therapeutic agents employed in traditional
chemotherapies or novel molecularly targeted therapies include small molecule toxic agents,
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natural or chemical compounds, antibodies, proteins, and peptides. They exert anticancer
effects via different mechanisms, but they usually have common weaknesses: once
administered into the human body their poor solubility and/or unfavorable physicochemical
properties result in poor pharmacokinetics, difficult access to the tumor site, inadequate
entry into cancer cells, as well as nonspecific toxicities to normal organs. To address these
problems, nanosized materials have been developed as drug carriers and hold great potential
to improve the delivery and anti-cancer effects of the currently available therapeutics
(Wagner et al., 2006; Heidel & Davis, 2011; Canal et al., 2011). Examples of the
nanocarriers under development are based on liposomes, polymer conjugates (Kopetek &
Kopeckovd, 2010), micelles (Matsumura & Kataoka, 2009), polymersomes, polymeric
nanoparticles, as well as inorganic nanoparticles (Cho et al., 2008; Lammers et al., 2008).

The advantages of applying nanosized drug carriers to cancer therapies over small molecule
therapeutics, as demonstrated in polymer-bound drugs or other nanoformulations, include
preferential accumulation of the drug at the tumor site by enhanced permeability and
retention (EPR) effect (Shiah et al., 2001a), increased active accumulation of the drug at the
tumor site by specific targeting (Omelyanenko et al., 1998b), active uptake by pinocytosis or
receptor-mediated endocytosis (Liu et al., 2009), controlled drug release, the ability to
incorporate multifunctional components (Canal et al., 2011), long-lasting circulation in the
blood stream (Shiah et al., 2001a), decreased nonspecific toxicity of the conjugated drug
(Kopecek & Kopetkové, 2010), immunoprotecting and immunomobilizing activities
(Rihové et al., 1988, 2001), and modulation of the cell signaling pathways (Minko et al.,
1999, 2000; Nishiyama et al., 2003; Malugin et al., 2006). A growing number of nanosized
drug delivery systems have shown improved therapeutic index in animal models and have
entered clinical trials for further validations in human (Northfelt et al., 1998; O'Brien et al.,
2004; Kopecek & Kopeckova, 2010; Heidel & Davis, 2011). The scientific bases of this
drug delivery concept have been confirmed, with several formulations receiving FDA
approval, while the translations to clinical use have been slow compared to the recent burst
of preclinical research in this area.

As the knowledge of cancer biology and pathophysiology increased, important reasons that
render the clinical translation more difficult have been identified: first, more anatomical and
physiological barriers have been realized which may impede the efficient delivery of
nanocarriers (Lammers, 2010; Jain & Stylianopoulos, 2010); second, cancer is not a single
disease, but a collection of diseases with intratumoral and intertumoral heterogeneity.

Drug delivery applications compose major aspects of nanomedicine, which refers to the use
of nanostructured materials in medical applications. This review will mainly describe the
current achievements in the field of anticancer nanomedicines, especially polymer anti-
cancer therapeutics, the biological factors that influence nanocarrier behavior, challenges as
well as possible strategies to overcome these challenges. In particular, recent research and
clinical experiences reveal that the presence of cancer stem cells, the complicated cancer
cell-microenvironment interactions, and the high incidences of metastases are several critical
biological features responsible for the failure of current anti-cancer therapies. The biological
bases as well as possible nanomedicine strategies to target these features will be discussed.
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The biological features of cancer

Heterogeneity of cancer cells

It has long been acknowledged that the intratumoral biological and functional heterogeneity
exists among cancer cells (Shackleton et al., 2009; Dick, 2009). This notion, brought up
decades ago (Furth & Kahn, 1937; Dick, 2008; Clevers, 2011), still remains a great
challenge for the development of effective anti-cancer therapies that can both lead to tumor
regression and prevent relapse and metastasis. While this heterogeneity may arise from the
diverse genetic changes acquired by different cancer cells, as demonstrated by the traditional
clonal evolution model; the cancer stem cell (CSC) hypothesis was recently revived and
captured researchers' attention as an alternative model to explain the cancer cell
heterogeneity (Reya et al., 2001; Shackleton et al., 2009; Dick, 2009; Rosen & Jordan, 2009;
Clevers, 2011). Both tumor models give us valuable insight into the design of anti-cancer
treatments.

The CSC model proposes that the tumor development is similar to that of normal organs,
with stem-like cancer cells at the top of the hierarchy to maintain tumor growth and
progression (Shackleton et al., 2009; Dick, 2009). Only the CSCs, with the ability to self-
renew and differentiate, have the tumorigenic potential and are able to generate
phenotypically heterogeneous tumor cell populations that resemble the original
organizations of the parent tumor (Figure 1A). On the other hand, the clonal evolution
model states that cancer cells randomly acquire genetic changes, triggered by both intrinsic
and extrinsic environmental factors, and develop into heterogeneous subclones with genetic
differences (Shackleton et al., 2009; Dick, 2009). The key word of this model, and the key
difference from the CSC model, is “random” or “stochastic”, which suggests that all cancer
cells have equal potential to be tumorigenic (Figure 1A).

Actually the CSC concept is not truly novel, but has a history of experimental explorations
as long as the clonal evolution model (Dick, 2009; Clevers, 2011). The earliest tumor cell
transplantation assay can be traced to 1937, when a single mouse tumor cell was found to be
able to generate a new tumor in the recipient mice (Furth & Kahn, 1937). Around the
mid-1900s, researchers have already noticed that not every single tumor cell possesses this
tumorigenic capacity and the frequency of the tumor-initiating cells is relatively low (Bruce
& Van Der Gaag, 1963). Subsequent research identified tumorigenic cancer cells within the
undifferentiated areas that give rise to cancer cells in well-differentiated areas using
radiolabeling approach, correlating tumor development with the hierarchical development of
normal tissues (Pierce & Wallace, 1971). Interestingly, from the 1970s cancer research
focused more on the clonal evolution concept (Nowell, 1976). This was due to the
breakthrough in the discovery of oncogenes and tumor suppressor genes and probably to
technical limitations in isolating and studying stem-like cells within tumors. Although
considerable progress has been achieved in treating cancers based on clonal evolution theory
in the last several decades, treatment failures are still inevitable.

The CSC hypothesis excited cancer researchers again since 1990s (Bonnet & Dick, 1997;
Al-Hajj et al., 2003). Generally, researchers utilized FACS (Fluorescent Activated Cell
Sorting) combined with limiting dilution transplantations into highly immunodeficient mice
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to assess the tumor engraftment capacities of the different cell subpopulations with different
cell marker combinations sorted from primary tumors (Shackleton et al., 2009). Cancer cells
containing enriched CSC population would show significantly enhanced tumorigenicity than
the other subsets of sorted cancer cells. Using these techniques, Dick et al. identified a
subset of leukemic stem cells (Bonnet & Dick, 1997). Similarly, Clark et al. identified breast
CSCs, the first type of CSCs found in solid tumors (Al-Hajj et al., 2003). Then a series of
studies revealed the presence of CSCs in other solid tumors including brain (Singh et al.,
2004), colon (Ricci-Vitiani et al., 2007; O'Brien et al., 2007), and prostate cancers (Wang &
Shen, 2011; Collins & Maitland, 2009).

Since CSCs share a variety of similar functional properties with normal tissue stem cells, it
is reasonable to hypothesize that CSCs, similar to normal stem cells, are resistant to
traditional chemo- or radiotherapies that are designed to target rapidly dividing cancer cells
(Dean et al., 2005; Tang et al., 2007; Dick, 2009). Indeed, experimental and clinical studies
support the intrinsic resistance of CSCs. For example, in breast cancer patients following
standard chemotherapy, CD44 + CD24!°W CSCs within the patient residual tumor samples
did not decrease but instead expanded to a larger proportion, resulting in higher
tumorigenicity (Yu et al., 2007). Similarly, resistance of leukemic stem cells to Imatinib was
observed in chronic myeloid leukemia (CML) patients (Oravecz-Wilson et al., 2009). The
mechanisms of resistance include the quiescent status, overexpression of drug efflux pumps
(Hirschmann-Jax et al., 2004), enhanced DNA damage repair (Bao et al., 2006), and anti-
apoptotic machinery (Dean et al., 2005). Consequently, if current anti-cancer therapies can
shrink the tumor mass efficiently, resistant CSCs are still left surviving; these CSCs have the
ability to regenerate tumor populations following treatment, resulting in lethal recurrence
and metastasis (Dick 2009; Clevers, 2011). Overall, the CSC theory provides at least critical,
if not all, reasons to the current anti-cancer therapy failures. Effective anti-cancer treatments
definitely require the elimination of the CSCs (Dick, 2009).

To be noted, nowadays the CSC and clonal evolution models are not being considered
mutually exclusive (Shackleton et al., 2009; Dick, 2009). Based on recent evidence, CSCs
may evolve by clonal evolution; cancers that follow CSC model may also undergo clonal
evolution. The spontaneous inter-conversion between CSC and non-CSC phenotypes has
been observed under culture conditions (Gupta et al., 2011) as well as under certain
microenvironmental influences (lliopoulos et al., 2011). Some data showed that the
epigenetic difference not only correlates with the expression of CSC phenotypes, but also is
responsible for drug resistance (Shackleton et al., 2009; Sharma et al., 2010). For instance,
the up-regulation of histone demethylase KDM5A contributes to the epidermal growth
factor receptor (EGFR) inhibitor-tolerant state (Sharma et al., 2010). However, genetic
differences are still commonly seen among the cancer cell subclones. Even though the
strongest evidence of the CSC model is found in hematopoietic malignances, the
development of drug resistance is observed by the generation of new clones with the
mutation in the drug target, as seen in the emergence of Imatinib resistance in CML (Shah et
al., 2007). Despite of all these seemingly controversial evidences, the CSC model is
meaningful; even genetically identical cancer cells can hold different differentiation status in
a hierarchy (Clevers, 2011). Therefore, to be able to target all cancer cells, it is necessary to
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develop therapeutics that target both bulk tumor cells and CSCs, or inhibit the transition
from non-CSCs to CSCs (Figure 1B) (Gupta et al., 2011).

Besides the issues discussed above, many unanswered questions and challenges related to
the CSC model remain (Reya et al., 2001; Shackleton et al., 2009; Dick, 2009; Rosen &
Jordan, 2009; Clevers, 2011). For instance, does the CSC model apply to all tumor types?
What is the frequency of CSCs? What is the origin of CSCs? How to improve the accuracy
of the in vivo xenograft transplantation assay? Are there unique and reliable biomarkers for
CSCs? No doubt that further investigations are necessary, but these questions do not
discount the therapeutic significance of the CSC model. It promises a distinct perspective in
developing anti-cancer therapies based on the newly discovered properties of CSCs, which
are not successfully targeted by the traditional therapeutics.

Tumor microenvironment

By viewing cancer as complex “organ-like structures”, the tumor microenvironment cannot
be ignored when discussing anti-cancer therapeutics and drug delivery. In the past decade,
numerous studies have indicated the importance of tumor microenvironment in cancer
growth, progression, and metastasis (Friedl & Alexander, 2011; Hanahan & Coussens,
2012). Cancer cells are embedded in unique extracellular matrix (ECM) and are surrounded
by various tumor stromal cells. The whole tumor is in constant remodeling through the
reciprocal communications between cancer cells and the various tumor microenvironment
components by cell-cell interactions, cell-matrix interactions as well as via secreted growth
factors and/or cytokines. We shall not review all aspects of this field, but focus on those
closely relevant to the development and delivery of nanomedicines.

Tumor angiogenesis, regulated by many pro- and anti-angiogenic signals, is a complex but
important phenomenon. Patterns of tumor angiogenesis include not only the vessel sprouting
from existing blood vessels (similar as in normal tissues), but also other tumor-specific
patterns such as novel blood vessel formation from cells recruited from the bone marrow,
and the differentiation of CSCs into endothelial-like cells (Friedl & Alexander, 2011;
Hanahan & Coussens, 2012; Ricci-Vitiani et al., 2010; Wang & Oliver, 2010). Both the
endothelial cells and the perivascular supporting cells grow abnormally under the persistent
stimulation from abnormally activated growth signals (Jain & Stylianopoulos, 2010;
Hanahan & Coussens, 2012; Roberts & Palade, 1997). These phenomena eventually result in
leaky and tortuous tumor vasculatures, with large sized interendothelial junctions up to
several hundred nanometers associated with irregular blood flow (Roberts & Palade, 1997;
Jain, 1987; Hashizume et al., 2000; Jain et al., 2002). In addition, the lymphatic system
inside the tumor, especially near the center of the tumor, is impaired and does not drain the
fluid efficiently (Leu et al., 2000; Padera et al., 2004). These phenomena comprise the major
physiological bases of the enhanced permeability and retention (EPR) effect (Maeda et al.,
2000). On the other hand, despite the defects in tumor lymphatics flow, lymphatic vessels at
the tumor periphery are still able to mediate cancer metastasis (Padera et al., 2002; Jain et
al., 2007).

Besides the angiogenic vascular cells (including endothelial cells and pericytes), tumor
stromal cells recruited into the tumor microenvironment also include tumor-associated
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fibroblastic cells and infiltrating immune cells (including tumor-associated macrophages,
lymphocytes, neutrophils, etc) (Friedl & Alexander, 2011; Hanahan & Coussens, 2012). All
three types of tumor stromal cells get involved in supporting the cancer cells in various ways
and contribute to the core hallmarks of cancer. Moreover, the stromal cells influence the
deposition of the ECM components, growth factors and cytokines, and vice versa (Friedl &
Alexander, 2011; Hanahan & Coussens, 2012).

Importantly, the interplay of different cell and non-cell components create unique
intratumoral fluid physical dynamics and chemical properties that are different from the
normal tissue (Jain & Stylianopoulos, 2010; Minchinton & Tannock, 2006). In normal
organs, the interstitial fluid pressure (IFP) is lower than the intravascular pressure (1\VVP),
allowing ready perfusion of the tissue; while in tumor, the leakage of the tumor vasculature
together with the inefficient drainage of lymphatic vessels result in interstitial hypertension
(Figure 2) (Jain, 1998; Heldin et al., 2004). The blood flow in the tortuous tumor blood
vessels is found to be slower than normal, thus leaving poorly perfused areas (Leunig et al.,
1992; Yuan et al., 1994). In addition, the tumor vasculature is not uniformly permeable. In
some cases such as desmoplasia, the highly proliferating cancer cells and stromal cells
compress the tumor blood vessels, causing blood vessel collapse (Padera et al., 2004).
Altogether, the elevated IFP, heterogeneity of vascular permeabilities, irregular blood flow,
and dense ECM components render the uniform delivery of therapeutics extremely difficult
(Figure 2).

The most striking difference between “benign” and “malignant” tumors is the ability to
metastasize. Clinically, most cancer patients suffer deaths from relapse and metastasis, not
from the primary tumor. However, therapeutics efficiently preventing and targeting
metastasis are very limited. This is partially due to the complex and yet not-well-understood
mechanism of metastasis, as well as the difficulty to access all macro- and micro-scopic
metastatic sites. Efforts have been made to understand the genetic and molecular processes
contributing to metastasis; the macroscopic patterns including the steps, timing and the
preferential sites of metastasis are also under investigation (Friedl & Alexander, 2011,
Nguyen et al., 2009; Klein, 2009; Spano & Zollo, 2012).

Metastatic lesions form only when the cancer cells successfully survive through the
following steps: local invasion, intravasation, survival in the circulation, extravasation, and
finally colonization (Chambers et al., 2002). Different processes are governed by different
metastatic gene patterns. For example, genes promoting metastasis initiation usually mediate
cancer cell matility, epithelial-mesenchymal transition (EMT) and ECM degradation, such
as TWIST1, SNAIL, SLUG, etc (Yang and Weinberg, 2008). Once in circulation, cancer
cells need to infiltrate distant organs by extravasation and surviving in the newly invaded
sites. These “metastasis progression genes” include PTGS2, EREG, MMP1, CCL5 targets,
etc (Nguyen et al., 2009). Finally, the “metastatic virulence genes” confer activities that
reinitiate cell growth and colonization (Kang et al., 2003; Mundy, 2002). Although
numerous genes have been identified, the expression patterns of most genes are
heterogeneous across different tumor types and metastatic sites. It is also difficult to dissect
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the genes that are most crucial and determining as therapeutic targets. It is well known that
the extracellular proteases, matrix metallo-proteinases (MMPs), play a key role in ECM
degradation, thus facilitating cancer cell migration and invasion (Wolf et al., 2007).
However, the enthusiasm to develop MMP inhibitors as antimetastatic therapeutics was
diminished by their failure to prevent cancer cell invasion (Bacac & Stamenkovic, 2008;
Sorbera et al., 1999). Blocking protease activities resulted in the conversion of mesenchymal
(fiber-based) cell migration to ameoboid movement (Wolf et al., 2003). Furthermore, to
achieve clinically effective prevention of metastasis, MMPs need to be inhibited by
therapeutic quantities of MMP inhibitors all across the tumor microenvironment and even
other tumor seeding tissues. Thus, it is not quite practical to develop drug delivery systems
for MMP inhibitors.

The heterogeneity of cancer metastasis was demonstrated by the clinically observed
preferential colonization to diverse organ sites and variable temporal courses for different
tumor types. For example, breast cancer principally metastasizes to bone, lungs, liver and
brain (Kouros-Mehr et al., 2008; Hess et al., 2006); prostate cancer metastasis is largely
confined to bone (Edlund et al., 2004); while colorectal and pancreatic cancers mainly
metastasize to liver and lungs (Hess et al., 2006). These patterns can be influenced by many
factors such as the circulation patterns, the specific affinity to certain organs for cancer cell
retention and the specific interactions between metastatic niche and cancer cells. Another
observation is the different kinetics of metastasis among different tumor types. For instance,
lung cancers develop detectable metastasis in distant organs just within months of diagnosis
(Feld et al., 1984), but breast cancer metastasis is often detected after years of primary tumor
remission (Schmidt-Kittler et al., 2003).

Another challenge of targeting metastasis is the recent observation that metastasis may
develop in parallel with the development of the primary tumor, starting to disseminate tumor
cells very early (Klein, 2009). Based on this metastasis model, it is crucial to identify the
“metastasis founder cells” that disseminate early to multiple distant sites. Again, the CSCs
are hypothesized to consist of “metastasis founder cells” (Brabletz et al., 2005). However,
only a few data support this hypothesis so far and further validation is needed in different
tumor models, most importantly in patients.

Targetability of anti-cancer nanomedicines

Passive targeting (EPR effect)

Most nanomedicines developed to date mainly exploit the EPR effect to achieve improved
tumor delivery of macromolecules than small molecule drugs (Taurin et al., 2012). The EPR
phenomenon of macromolecules was first discovered and reported by Matsumura and
Maeda (1986). Subsequently, this phenomenon was observed in many other nanosized
therapeutic formulations, including polymer-drug conjugates (Seymour et al., 1995; Fang et
al., 2003; Noguchi et al., 1998), liposomes (Campbell et al., 2002), micelles (Matsumura &
Kataoka, 2009), and proteins such as IgG (Matsumura & Maeda, 1986). As mentioned in
section “Tumor microenvironment”, EPR effect is largely a tumor vasculature-dependent
phenomenon; both anatomical and pathophysiological properties of the tumor vasculature
are responsible. Anatomically, most tumors are well vascularized with high density; usually,
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tumor angiogenesis is extensively induced when tumors reach the size larger than 0.8-1 mm
(Folkman, 1995; Fang et al., 2011). Moreover, rapid growth of blood vessels leads to
irregular vascular alignment and defects of the junctions between endothelial cells, creating
large fenestrations that allow the transport of large-sized molecules (Roberts & Palade,
1997; Jain, 1987; Hashizume et al., 2000; Jain et al., 2002). Physiologically, tumors also
overexpress many permeability-enhancing factors including, but not limited to, vascular
endothelial growth factors (VEGF) (Leung et al., 1989), bradykinin (Maeda et al., 1988),
nitric oxide (NO) (Wu et al., 1998), peroxynitrite, and prostaglandins (PGs) (Fang et al.,
2011). On the other hand, the enhanced retention is due to the defective lymphatic clearance
of macromolecules than of small molecules (Matsumura & Maeda, 1986). In addition, the
slower venous return promotes the accumulation of large molecules inside the tumor (Jain,
1988).

As observed in numerous experiments assessing tumor accumulation of macromolecules, the
extent of the EPR effect is largely a size-based phenomenon. Although the vascular
permeability to individual nanosized drug carriers or proteins decreases as the size increases,
the overall tumor accumulation of the drug carriers is enhanced with the increased
macromolecule size, as long as the size is below the size limit of the endothelial
fenestrations (Yuan et al., 1995; Seymour et al., 1995; Shiah et al., 2001a). This is due to the
prolonged circulation time and relatively longer retention time of the larger-sized molecules
inside the tumor. Thus, for nanomedicines with the same architecture, the larger the
molecular weight, the higher the tumor accumulation. This phenomenon has been observed,
for example, for N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer-based drug
conjugates in tumor-bearing mice (Shiah et al., 2001a). But other features, such as
conformation or surface charge also play considerable roles in the extent of tumor
accumulation, since these factors may change the electrostatic interactions between drug
carriers and vascular cells, or change the whole biocompatibility and reticuloendothelial
system clearance rate of the nanomedicines (Nugent & Jain, 1984; Pluen et al., 1999;
Campbell et al., 2002). For example, drug carriers with positive charges bind readily to
vascular endothelial surfaces since the vascular surface is negatively charged. This may
reduce the plasma half life and tumor accumulation (Campbell et al., 2002). On the other
hand, liver and spleen takes up the negatively charged carriers faster than neutral ones (Li &
Huang, 2008).

Although the EPR effect favors tumor accumulation, there are still other physiological
barriers that hinder the overall tumor accumulation, especially the homogeneous distribution
of the nanomedicines. Previous experiments in mice with large-sized tumors have shown
that following the intravenous injection of Evans blue, the dye accumulated mainly in the
well-perfused tumor periphery, but little in the necrotic or poorly-perfused areas
(Matsumura & Maeda, 1986; Fang et al., 2011). Although this is a good illustration that EPR
effect is a vascular-dependent phenomenon, it also reveals that EPR effect is not evident in
all tumor areas (Taurin et al., 2012). Moreover, the EPR effect may become very weak in
some types of tumors, such as pancreatic and metastatic liver cancers, which possess low
vascular densities and poor perfusion. To achieve homogeneous accumulation,
nanomedicines need to move deeply into the whole tumor tissue after extravasation.
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However, the transport of nanomedicines can be largely impeded by the elevated interstitial
pressure and the dense tissues composed of pericytes, stromal cells and different ECM
components between vasculature and tumor cells (Jain & Stylianopoulos, 2010).

Active targeting

The term “active targeting” in tumor-targeted nanomedicines refers to the incorporation of
targeting ligands that can specifically recognize and bind to the tumor cells, mediate
nanomedicine-cell interactions, thus enhancing the therapeutic efficacy. To ensure the tumor
targeting specificity, the targeting ligands chosen usually specifically bind to the receptors or
antigens that are overexpressed at the tumor sites, but rarely expressed on normal cells
(Allen, 2002). Antibodies (Omelyanenko et al., 1998a,b; Liu et al., 2009), antibody
fragments (Lu et al., 1999; Hongrapipat et al., 2008a; Johnson et al., 2009; Colombo et al.,
2010), peptides (Nguyen et al., 2010; Ruoslahti, 2012), as well as natural ligands to the cell
surface receptors (such as certain carbohydrates) (Seymour et al., 2002) can be employed as
targeting moieties for nanomedicines. The most evident and commonly acknowledged
advantage of active targeting, compared to the non-targeted formulations, is to improve the
cell biorecognition and intracellular uptake of nanomedicines via receptor mediated
endocytosis (Lammers et al., 2012). After all, most of the small molecule drugs need to be
internalized into the cells to exhibit therapeutic effects. So far, the targeting moieties have
been used to either directly target the cancer cells; or to target the tumor vascular endothelial
cells and indirectly inhibit cancer cell growth by deprivation of the oxygen and nutrients
carried by tumor vasculatures (Neri & Bicknell, 2005; Arap et al., 1998).

Despite of numerous preclinical experiences of actively targeted nanomedicines, few are in
clinical use right now except for several antibody-based nanomedicines such as Zevalin
(Wiseman et al., 1999) and Bexxar (Horning et al., 2005). The possible reasons for the slow
clinical translation of actively targeted nanomedicines may include: (1) the advantage of
active targeting is limited by the above mentioned physiological barriers before the targeted
nanomedicine can reach the target cancer cells, such as high IFP, presence of pericyte and
fibroblast cell layers between endothelial and cancer cells, and high cellular densities (Kwon
et al., 2012); (2) the targeted nanomedicines tend to stick to the first receptors they find and
stop further tumor penetration. This “binding-site barrier” effect may impede the deep tissue
penetration (Juweid et al., 1992).

Anti-cancer nanomedicines in preclinical/clinical development

Among the efforts to improve the therapeutic index of the anti-cancer therapies,
nanomedicines are promising strategies. Thus far, around 40 nanomedicine formulations
have been in routine clinical uses for treatments of diverse diseases, with fewer than 10
products for cancer treatment (Duncan & Gaspar, 2011; Taurin et al., 2012). Moreover,
several dozens of hanomedicine formulations have entered clinical trials currently for
evaluations in human patients; the majority of the products are for cancer treatment (Wagner
et al., 2006). Most of the formulations under clinical development have been liposomes or
poly(ethylene glycol) modified (PEGylated) liposomes, polymer-drug conjugates, polymer-
protein conjugates, polymeric micelles for small molecule drug delivery, and nanoparticles
for diagnostic purposes (Heidel & Davis, 2011; Cho et al., 2008; Lammers et al., 2008;
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Canal et al., 2011; Kopetek & Kopeckova, 2010; Matsumura & Kataoka, 2009). In
particular, polymer-drug conjugates in recently ongoing clinical trials have been mainly
based on polyHPMA (i.e., HPMA copolymer-DACH (diaminocyclohexane) platinum
conjugate) (Nowotnik and Cvitkovic, 2009), PEG (i.e., PEG-irinotecan) (Vergote et al.,
2010), or poly(glutamic acid) (i.e., PGA-paclitaxel) (O'Brien et al., 2008) backbones. Some
formulations have shown promising anti-cancer efficacy and safety profiles as compared to
free drug. For example, HPMA copolymer-DACH platinum conjugate showed significantly
higher delivery of the active platinum to tumor cells as well as to the target DNAs of tumor
cells than free oxaliplatin. It showed superior safety profile and comparable or better
efficacy in recurrent ovarian cancer patients in European phase /11 trials (Nowotnik &
Cvitkovic, 2009). PEG-irinotecan exhibited significantly prolonged circulation half-life and
lower plasma peak concentration, which may contribute to its reduced toxicity than free
irinotecan. It showed clinical responses in 50% of patients in a phase Il study in patients
with platinum-resistant/refractory breast cancer and is being tested in phase Il trials
(Vergote et al., 2010). Despite of this, the translation of nanomedicines to real clinical use is
still relatively slow as opposed to the rapidly growing preclinical research. A large number
of the candidate nanomedicine formulations were discontinued at later stage clinical trials
due to insufficient efficacies.

Even the approved nanomedicines do not always provide better overall survival benefits
than the small molecule chemotherapeutic interventions based on the clinical experiences
(Northfelt et al., 1998; O'Brien et al., 2004; Gill et al., 1996). Only under limited indications
(for certain types or stages of cancer), nanomedicines showed mildly prolonged overall
survivals compared to standard chemotherapy (Gordon et al., 2001; Gradishar et al., 2005).
For example, for metastatic breast cancer patients the overall survival changed from 46.7
weeks for those receiving standard paclitaxel treatment to 56.4 weeks for those receiving
Abraxane treatment (Gradishar et al., 2005). In addition, nanomedicines still cannot prevent
lethal cancer relapses, which account for large parts of cancer deaths. The long-term
deposition of residual nanocarriers in certain organs also potentially leads to nanomedicine-
related side effects. These experiences with current nanomedicines indicate that further
improvements on the chemical and biological aspects of nanomedicine designs are needed.

Design considerations of current anti-cancer nanomedicines

Strategies to target the cancer cell heterogeneity

Cancer stem cell targeted nanomedicines—Although the biology of CSCs is not
fully understood, the CSC concept adds new dimensions to the design of anti-cancer
therapeutics. Several attempts to develop CSC-targeted nanomedicines have been reported.
But strictly speaking, most of the currently reported designs are not really specific to CSCs;
instead, they are therapies to which the resistant CSCs are sensitive. The strategies reported
so far can be summarized into the following aspects: (1) employing agents targeting the key
stem cell related properties especially self-renewal and differentiation ability; (2) targeting
of CSCs mediated by the CSC-specific markers; (3) inhibiting CSCs by overcoming
multidrug resistance and sensitizing CSCs to conventional therapies; (4) destruction of CSC-
supporting microenvironment.
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The search for effective anti-CSC agents has been an essential task, since the traditional
small molecule chemotherapeutics or radiotherapies are not the ideal agents due to CSCs'
intrinsic resistance. The modulators of several important signaling pathways regulating
critical stem cell properties such as self-renewal and differentiation, including hedgehog
(Bar et al., 2007; Karhadkar et al., 2004; Thayer et al., 2003), notch (Wang et al., 2009), and
wnt pathways (Teng et al., 2010), have come into researchers' sights. Most of these agents
have already been developed as a new class of molecularly targeted anti-cancer agents,
based on the findings that these stem cell related pathways are aberrantly up-regulated in
certain cancers. As the concept of CSCs was gaining acceptance, these pathways have been
further correlated with CSC properties, cancer progression, recurrence and metastasis. Most
of these small molecule pathway inhibitors have the same drawbacks as other traditional
anticancer drugs, such as poor solubility, low stability and nonspecific toxicity. Therefore,
macromolecular drug delivery systems carrying the CSC-targeted agents have been
developed to improve their anti-CSC behaviors.

Such examples include the recent development of the HPMA copolymer based-drug
conjugate incorporating the hedgehog pathway inhibitor cyclopamine (Zhou et al., 2012).
Initial studies have shown that the conjugate (P-GFLG-cyclopamine; P is the HPMA
copolymer backbone; GFLG a cathepsin B sensitive spacer) inhibited the sphere forming
ability as well as the growth of the prostate CSC-enriched population in a prostate cancer
cell model. Furthermore, P-GFLG-cyclopamine or free cyclopamine treatments led to
significantly decreased percentages of viable CD133* prostate CSC-enriched population
within the whole cancer cell population, in contrast to slight cytotoxicities on bulk cancer
cells. On the contrary, docetaxel treatment caused significant bulk cancer cell deaths;
however, docetaxel could not decrease the fraction of CD133" prostate CSCs (Figure 3A)
(Zhou et al., 2012). The selective cytotoxic effects of cyclopamine and docetaxel on CSC
and non-CSC subpopulations of prostate cancer cells suggest a promising combination
macromolecular therapeutic strategy that is comprised of two HPMA copolymer-based
conjugates containing cyclopamine and docetaxel respectively (Figure 3B).

In another example, mesoporous silica nanoparticles loaded with y-secretase inhibitors (GSI)
for notch signaling have shown improved tumor growth inhibition. Although the direct anti-
CSC effects were not evaluated in this case, such design has the potential to suppress CSCs
(Mamaeva et al., 2011). Another formulation, nanoparticle loaded curcumin as a hedgehog
inhibitor (NanoCurc™) was developed and showed inhibition of the anchorage-independent
growth and reduction of CD133* CSCs in brain tumor models (Lim et al., 2011). For
comprehensive evaluations of these nanomedicines, an important future direction is to assess
the normal stem cell (NSC) related toxicities since all these agents target the pathways,
which most probably are present in NSCs. However, to which extent these pathways are
responsible for NSC maintenance has not been clearly stated yet. Some studies have shown
that GSI can cause intestinal cell metaplasia, indicating stem cell related adverse effect
(Milano et al., 2004); but some studies found that the inhibition of hedgehog pathway did
not affect hematopoietic stem cell (HSC) maintenance and functions (Hofmann et al., 2009;
Gao et al., 2009); other studies showed the opposite effect of PI3K/mTOR pathway on
leukemia stem cells and HSCs, opening the possibility to specifically target CSCs while
sparing NSCs (Yilmaz et al., 2006; Zhang et al., 2006).
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High throughput small molecule screening could contribute to the identification of more
specific anti-CSC agents. In one study, the antibiotic salinomycin was found to have specific
toxicity towards breast CSCs but not the bulk tumor cells by high throughput cytotoxicity
screening on both EMT induced CSCs and bulk tumor cells (Gupta et al., 2009). However,
the anti-CSC mechanism was not clear. As the screening efficiency and the reliability of the
CSC model develop, more molecules specific to CSCs may be discovered and developed
into anti-cancer therapeutics.

Active targeting approaches have also been attempted in the design of CSC-targeted
nanomedicines. Several surface markers have been commonly used for the identification of
CSCs, including CD44, CD133, and certain integrins. Therefore, in some studies, targeting
moieties were incorporated to specifically target these biomarkers. The examples are
hyaluronan-drug conjugates (Banzato et al., 2008; Choi et al., 2010) and anti-CD133
antibody targeted nanoparticles (Bourseau-Guilmain et al., 2012). The main advantage of
this actively targeted therapeutics is to enhance the cellular uptake of nanomedicines into
CD44" or CD133" cancer cells, thus improving the cell killing effects. However, this
approach should be generalized with caution. Current CSC studies found that these
biomarkers could not represent the very specific CSC population; furthermore, CSCs may
present heterogeneous biomarkers or marker combinations in different cancers and even
different subtypes of the cancer from the same tissue origin (Shackleton et al., 2009;
Clevers, 2011). In addition, simply directing the therapeutics to the targeted putative CSCs
may not result in sensitization of these CSCs to the carried drugs.

A reported example to sensitize the resistant CSCs to conventional radiation therapy is to
combine the gold nanoshell-mediated hyperthermia with radiation therapy (Atkinson et al.,
2010). As evaluated in both the triple-negative breast cancer syngeneic mouse model and
xenograft model, the breast CSC population expanded after ionizing radiation. However,
following combination of hyperthermia at 42°C and ionizing radiation, the percentage of
breast CSCs, the mammaosphere forming ability, and the in vivo tumorigenicity (by limiting
dilution transplantation) in the residual tumors significantly decreased compared to the
radiation only-treated tumors and mock-treated tumors (Figure 4) (Atkinson et al., 2010).

Besides the nanocarrier designs, comprehensive evaluations on the CSC properties with and
without treatment are of great importance for the development of CSC-targeted
nanomedicines. Although considerable nanomedicines were designed aiming at inhibiting
CSCs, only few of them actually test directly their inhibitory effects on the CSCs
(Vinogradov and Wei, 2012). The development of the standard efficacy evaluation
procedures in parallel with the nanomedicine design would be a future direction to push the
effective anti-CSC therapeutics into real practice.

Overcoming multidrug resistance—A hurdle to cancer cures is the acquired resistance
of cancer cells to various therapies. Besides the CSC concept that offers new insights to the
ways to overcome cancer resistance towards traditional therapies, the other mechanisms of
cancer multidrug resistance (MDR) have long been studied and developed as targets for
nanomedicines. Several known reasons responsible for MDR include the overexpression of
drug efflux pumps commonly characterized by ATP-binding cassette family such as P-

J Drug Target. Author manuscript; available in PMC 2015 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou and Kopecek Page 13

glycoprotein (P-gp), detoxification processes, enhanced DNA repair, or the imbalance of
pro- and antiapoptotic pathways (Dean et al., 2005; Szakacs et al., 2006; Broxterman et al.,
2009).

Thanks to the unique cellular uptake patterns of nhanomedicines by pinocytosis or receptor-
mediated endocytosis, the nanocarrier-bound drugs are transferred into the cells inside
vesicular compartment, instead of through diffusion, thus circumventing the interactions
with the various drug efflux pumps on the cell surfaces. In addition, the drug transport
through the endocytotic pathway helps to create a drug concentration gradient decreasing
from the perinuclear to the region near the cell membrane, further reducing the chances of
its interactions with the efflux pumps (Omelyanenko et al., 1998a,b). The advantages of
HPMA copolymer-bound doxorubicin (DOX) (P-GFLG-DOX) over free DOX have been
demonstrated in mice models of both DOX sensitive and resistant human ovarian cancer
xenografts. Although free DOX could not inhibit the tumor growth in resistant tumors and
only shrunk the tumor size three times in sensitive tumors, P-GFLG-DOX led to 18 times
and 28 times reduction in tumor size in resistant and sensitive tumors, respectively (Figure
5) (Minko et al., 2000). P-GFLG-DOX not only overcame the MDR by avoiding the P-gp
mediated drug efflux, but also modulated other cell responses at the molecular level,
including the down-regulation of antiapoptotic Bcl-2 family expressions, suppression of
drug detoxification related genes encoding glutathione and UDP, and inhibition of DNA
repair mechanisms (Minko et al., 2000, 2001).

Biologically, the inhibition of the drug efflux pump functions can be achieved at the gene,
molecular and protein levels by RNA interference, monoclonal antibodies to P-gp or small
molecule inhibitors of the drug efflux transporters (Goda et al., 2007; Nadali et al., 2007;
Ren et al., 2008; Tsuruo et al., 1981). Nanomedicines have a large potential to increase the
tumor accumulation and reduce the nonspecific toxicities of these agents.

Employing molecularly targeted therapeutics to target the hallmarks of cancer

The cancer cell killing effect of the first-generation traditional chemotherapeutic agents
utilizes the rapid replication of cancer cells. In the last several decades, extensive advances
have been made in nanomedicines delivering these chemotherapeutics. However, the
nonspecific drug action mechanism still does not ensure adequate antitumor efficacy and
safety. On the other hand, novel anti-cancer therapeutics, so called molecularly targeted
therapeutics have been developed (Sharkey & Goldenberg, 2006; Collins & Workman,
2006). This kind of therapeutics exploits agents that specifically target the key molecular
events deregulated in cancer. Elements involved in the extensive proliferating signaling,
evasion of growth suppression signaling, resistance of cell deaths, replicative immortality,
angiogenesis, invasion and metastasis activating pathways, deregulation of cancer cell
energetics, avoidance of immuno protection and tumor-promoting inflammation can all be
the anticancer therapeutic targets (Hanahan & Weinberg, 2000; Hanahan & Weinberg,
2011). Nanomedicine designs have also been extended to this area. The molecularly targeted
therapeutics can take advantages of the macromolecular carrier system to improve their
circulation time and stability, avoid degradation in the body and achieve favorable cellular
and subcellular entry into the site of action (Davis, 2009; Heidel & Davis, 2011).
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Several monoclonal antibodies specific for certain overexpressed cancer cell surface
markers have been developed as molecularly targeted therapeutics, such as Trastuzumab
targeting HER2 (Pegram et al., 2000) and Rituximab targeting CD20 (Blanco et al., 2011).
Besides specific binding, the antibody-cell surface receptor interactions induce further
intracellular signaling events that eventually inhibit cancer cell growth or trigger apoptosis.
Effective nanomedicines can be developed based on these molecular events by modifying
the antibodies. For example, the antibody fragments derived from Trastuzumab can be
attached to the nanoparticles containing chemotherapeutics, both as active targeting moieties
and exerting their therapeutic effects (Colombo et al., 2010). Another interesting
nanomedicine design exploited the unique apoptotic induction effect by the crosslinking of
CD20-bound antibodies on the surfaces of malignant B cells (Wu et al., 2010, 2012). Instead
of using anti-CD20 and secondary antibodies, the crosslinking was efficiently mediated by
the recognition of a pair of pentaheptad peptides (CCE and CCK), which form antiparallel
coiled-coils. Raji B cells were first exposed to the anti-CD20 Fab'-CCE construct and allow
the binding of Fab' fragments to the noninternalizing antigens CD20. Then the
administration of HPMA copolymers containing multiple copies of complementary CCK
peptides as grafts led to the crosslinking of the CD20 surface antigens by the formation of
coiled-coil heterodimers. This system showed efficient malignant B cell depletions in vivo
(Wu etal., 2012).

Strategies to target metastases

The design of nanomedicines can be varied to target different stages of metastases, from
cancer cell invasion, intravasation, circulation, and extravasation to seeding and growing in
the secondary metastatic sites.

To date, a number of important molecular pathways responsible for cancer cell invasion and
dissociation from the bulk tumor have been identified. Therapeutics have been developed to
target these pathways, including the modulators of cell adhesion proteins, protease
inhibitors, ion or water channel blockers, and the inhibitors for certain transcription factors
or signaling molecules (Veiseh et al., 2011). Blocking the cancer cell invasion locally would
potentially reduce the possibility of cancer metastasis in distant organs. To increase the
access of small molecule therapeutics to the tumor cells, nanomedicines have been
employed. For example, liposomal nanoparticles incorporated with anti-RhoA siRNA were
used for treating breast cancer; reduced cancer cell invasion was observed as demonstrated
in the migration assay (Gao et al., 2010). In another case, the delivery of anti-PAR-1 siRNA
by liposomes to melanoma cells led to significant inhibition of lung metastases, indicating
the prevention of melanoma cell invasion (Villares et al., 2008).

In addition to directly treating invasive tumors, imaging of the cancer invasive front by
nanoparticles could aid to achieve a more complete surgical removal of the whole tumor.
Nguyen et al. and Olson et al. linked the protease activatable cell penetrating peptides
(ACPPs) to the surface of dendrimers (ACPPDs) dually labeled with Cy5 and gadolinium
(Gd) (Nguyen et al., 2010; Olson et al., 2010). The ACPPs, once cleaved in the invasive
tumor microenvironment by MMPs, would be activated and exhibit cell penetrating
functions. This led to the significantly increased uptake of the dendrimers into tumor cells.
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Thus, the tumor margins were marked by the internalized dendrimers under pre-operative
MRI and intraoperative optical imaging (Figure 6). The proportion of residual tumor cells
was reduced by 90% following this imaging guided surgery than by the standard surgery.

On the other hand, once the metastatic tumors in the secondary organs are established,
nanomedicines can be exploited as a multifunctional platform to achieve both passive and
active targeting to improve the therapeutic effect of the free drug. Due to the favorable
metastatic niches in certain organs, life-threatening metastases are prone to take place in
organs such as bone, liver, brain, lung or lymph nodes (Schroeder et al., 2012). Therefore,
the tissue specific properties can be exploited for efficient targeting. For instance, to treat
breast cancer bone metastasis, an HPMA copolymer conjugate containing the
chemotherapeutic agent paclitaxel (PTX) as well as bone-targeting moiety alendronate
(ATN) was designed (Miller et al., 2011). Paclitaxel is cytotoxic to rapidly dividing cancer
cells; in addition, it exhibits antiangiogenic effects at low dose (Wang et al., 2003).
Alendronate is an aminobisphosphonate that prevents the bone breakdown. It can be used as
bone-targeting moiety due to its strong binding to bone mineral hydroxyapatite (Pan et al.,
2008). The in vivo evaluation in a murine syngeneic model of breast adenocarcinoma
showed the greatest metastatic tumor growth inhibition, decreased microvessel density and
increased circulating endothelial cell apoptosis of the HPMA copolymer-PTX-ATN
conjugate, compared with the combination of free PTX and ATN, or PTX alone (Figure 7).
In another study to treat primary and metastatic ovarian cancer, a PEG based polymer-drug-
peptide conjugate was constructed containing three components - an anticancer drug
camptothecin (CPT), a therapeutic peptide BH3 that suppresses antiapoptotic defense, and a
synthetic analog of luteinizing hormone-releasing hormone (LHRH) as tumor targeting
moiety. Although the metastatic cancer cells found in malignant ascites were more resistant
and aggressive than the primary tumor cells, this conjugate was effective to inhibit the
resistant cancer cell growth and suppress the development of metastatic malignant ascites
(Chandna et al., 2010).

The lymphatic system and pro-lymphangiogenesis factors always promote the lymph node
metastasis, which is very detrimental to cancer patients (Alitalo et al., 2005; Tammela &
Alitalo, 2010; Wang & Oliver, 2010). Lymph node targeted anti-cancer nanomedicines
would be an indispensible direction against tumor metastasis. Several anti-
lymphangiogenetic drugs have been developed with the potential to suppress tumor
metastasis through lymphatic vasculatures (Chandna et al., 2010). However, homing of the
therapeutics to lymph nodes is the prerequisite for efficient treatment. Interestingly, some
properties of hanoparticles have been linked with the preferential targeting to lymph nodes
following systemic administration (Hsu & Juliano, 1982; Nahrendorf et al., 2011;
Harisinghani et al., 2003). Selected nanoparticles in the circulation were found to bind to the
leukocyte surface receptors, facilitating their transport to lymph nodes and accompanied
with leukocyte homing as a part of normal immune process (Raz et al., 1981). Furthermore,
several modifications such as carbohydrates or immunoglobulin G coating of the
nanoparticles were found to enhance their accumulation in lymph nodes (Tassa et al., 2011).
Based on these properties, iron oxide nanoparticles (Combidex®), which are biocompatible
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and non-toxic, have been used in clinics for the imaging of lymph node metastasis
(Harisinghani et al., 2003).

Specific targeting moieties for lymphatic system homing have also been identified
(Laakkonen et al., 2004). For example, a homing peptide LyP-1, selected by phage display,
can specifically bind to tumor cells in the hypoxic regions, tumor-associated macrophages as
well as the endothelial cells of tumor lymphatic vasculatures in certain tumors, but not to
normal endothelial cells. Moreover, LyP-1 exhibited proapoptotic and cytotoxic activities to
these malignant tumor and endothelial cells. Recent studies using LyP-1 conjugated
liposomes showed the potential of the actively targeted nanomedicines to treat and suppress
the lymph mode metastatic tumors (Yan et al., 2011; Yan et al., 2012).

Combination therapy

Anti-cancer combination therapies refer to both the combination of different anti-cancer
drugs and the combination of different treatment modalities such as surgery, chemotherapy,
and radiotherapy. The therapeutics should be combined in the ways that ultimately achieve
synergistic anti-cancer effect better than either type of the therapies alone, or reduce the
adverse effects while maintaining the therapeutic effect, or achieve both. Notably, the
nanosized drug carriers present the targetability to tumor site, the ability to reduce free drug
side effects and the capacity to incorporate multifunctional components. These properties
make nanomedicines well suited for the development of improved anti-cancer combination
therapies. Several possible strategies of combination therapies will be discussed below,
mainly those using polymer-based macromolecular carriers, especially HPMA copolymer
conjugates as examples.

Combination of the polymer-bound anti-cancer therapeutics—HPMA
copolymer-based linear drug carriers allow the introduction of different functional groups to
the side chains of the conjugate, thus facilitating the attachment and delivery of different
types of therapeutics in one polymer construct to the tumor simultaneously. An example for
this type of combination therapy is the development of an HPMA copolymer conjugate
containing both ALN and a potent anti-angiogenic agent TNP-470, for the treatment of
osteosarcoma (Segal et al., 2009). By delivering two therapeutic agents to the tumor site at
the same time and location, the conjugate showed synergistic anti-cancer effect by inhibiting
the proliferation of osteosarcoma cells, as well as anti-angiogenic effects by inhibiting the
vasculature formation and reducing vascular permeability. In addition to the significant
tumor growth inhibition by 96%, this macromolecular delivery approach dramatically
reduced the adverse effects of the free TNP-470.

The combination of chemotherapeutic agents is also of much clinical values since it is
hardly possible to treat certain advanced cancers without combination therapy. Although the
macromolecular combination chemotherapeutics is not available in clinical practice so far,
researches have been attempting to address this need. For example, Mayer and coworkers
have developed and evaluated liposomes co-loaded with both irinotecan and floxuridine, or
both daunorubicin and cytarabine (Tardi et al., 2007; Tardi et al., 2009); they are currently
trying to translate the combination formulations into clinical use. Vicent, Duncan and
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coworkers designed an HPMA copolymer conjugate containing DOX and anti-hormonal
agent AGM (aminoglutethimide) linked through lysosomally degradable linkers. It showed
synergistic therapeutic effect in vitro in the hormone dependent breast cancer cell model
(Greco et al., 2007). Lammers et al. evaluated another combination, an HPMA copolymer-
gemcitabine-doxorubicin conjugate in vivo, demonstrating the enhanced apoptosis induction
and anti-angiogenic effects of the combination conjugate than the conjugates containing
either single agent alone (Lammers et al., 2009). For further development of the
combination nanomedicines with multiple drugs in the same carrier, it is critical to control
the content of each drug as well as the incorporated drug ratios for optimal therapeutic
effect.

The synergistic effect of the two different anti-cancer therapeutic agents could also be
observed when incorporated separately into different nanosized drug carriers. This has been
demonstrated in the HPMA copolymer-based combination chemotherapy and photodynamic
therapy (PDT) (Shiah et al., 1999; Shiah et al., 2000). To this end, mesochlorin eg
mono(N-2-aminoethylamide) (Mceg) was chosen as the photosensitizer that is activated by a
specific wavelength of light to generate singlet oxygen. Although the clinical application of
PDT using low molecular weight photosensitizers was limited due to the severe nonspecific
side effects to normal tissues, the HPMA copolymer-bound Mceg plus light reduced the side
effects significantly, while still remaining comparable antitumor effect. Furthermore, the
combination of HPMA copolymer-GFLG-DOX conjugate and HPMA copolymer-GFLG-
Mceg conjugate showed improved antitumor response than either chemotherapy or PDT
alone in mice bearing human ovarian carcinomas (Shiah et al., 1999, 2000).

The selection of combination strategies (different drugs on one drug carrier or a combination
of two drug carriers containing one drug each) is affected by a collection of issues regarding
to the drug properties, mechanism and site of drug action, drug release, biodistribution/
pharmacokinetics, as well as the ease to control the synthesis and scale-up. If the two drugs
have different physicochemical properties and pharmacokinetics, the body and subcellular
distributions may be different between the cases of the conjugate containing both drugs and
the two conjugates each containing one drug, thus, leading to different anti-cancer efficacies.
As demonstrated in some cases such as the combination of AGM (aminoglutethimide) and
DOX, only when conjugating the two drugs to one HPMA copolymer carrier, synergistic
anti-cancer effect was observed and higher efficacy was shown as compared to the
combination of two conjugates (Greco et al., 2007). While in other cases, the combination of
two conjugates was able to induce synergistic anti-cancer effect (Hongrapipat et al.,
2008a,b). Therefore, it would be important to evaluate thoroughly the combination effects
case by case for the choice of combination patterns, for example, by analyzing the
combination index (CI) (Hongrapipat et al., 2008a,b). However, from the synthetic point of
view, the conjugate properties and the incorporated drug amounts is more controllable when
using the combination of two conjugates than the conjugate containing two types of drugs.
In addition, the drug release kinetics might be altered when the two types of drugs attach to
the same polymer (Vicent et al., 2005).

The heterogeneity of tumor cells as well as the tumor microenvironment renders the
treatment of tumors more difficult by single type of nanomedicine. Therefore, another
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advantage of the combination of multiple macromolecular drug carriers is the possibility to
target distinct tumor populations to improve the antitumor effects. Several directions worth
to consider include: first, based on the current findings of the biological importance of
CSCs, it is conceivable to develop nanomedicines comprised of two entities: one targeting
CSCs and the other targeting bulk tumor cells (see Figure 3); second, to address the problem
of heterogeneous tumor penetration of passive targeted nanomedicines, it would be possible
to combine the nanomedicines that are designed to preferentially localize in tumor vessel-
rich areas with those preferentially targeting poorly vascularized hypoxic tumor regions
(Gupta et al., 2011; Laakkonen et al., 2004).

Polymer-bound anti-cancer therapeutics combined with other treatment
modalities—Surgery, radiotherapy, hyperthermia, immunotherapy, etc. are all important
anti-cancer approaches. These modalities are usually combined with chemotherapy in
clinical practice. The combination of macromolecular chemotherapeutics with the above
mentioned modalities might provide unique benefits for cancer treatment. As an example,
the investigation of “carrier-based radio-chemotherapy”, which refers to the combination of
radiotherapy with macromolecular chemotherapy, is briefly discussed here. The traditional
small molecule-based chemotherapy enhances the therapeutic effect of the simultaneously
applied radiotherapy; however, usually it is not as well tolerated as when used alone
(Maduro et al., 2003). In contrast, when employing polymeric carriers for the delivery of
chemotherapeutic agents, the therapeutic index for radiochemotherapy could be increased,
due to the reciprocal enhancement of the chemo- and radiotherapy (Lammers, 2010). As
early as a decade ago, radiotherapy was found to improve the tumor accumulation, even the
tumor penetration of polymeric drug conjugates or other nanosized drug carrier systems, for
example, poly(.-glutamic acid)-paclitaxel conjugate (Li et al., 2000), PEGylated DOX-
loaded liposome (Davies et al., 2004), and HPMA copolymer-drug conjugate (Lammers et
al., 2007). This could be due to the increased VEGF and/or basic fibroblast growth factor
(bFGF) expression within the tumor which increase the vascular permeability, the loosening
of tumor tissues by the reduced tumor cell density and the decrease of IFP, induced by
radiotherapy (Lee et al., 1995; Chung et al., 2006; Peschke et al., 1999). Meanwhile, given
the fixed dosing frequencies of the chemo- and radiotherapies, the prolonged and enhanced
accumulation of the macromolecular chemotherapeutics at the tumor site in turn prolonged
the interaction periods during which the chemo- and radiotherapy are both exposed at the
tumor tissue (Lammers, 2010).

Strategies to improve passive targeting

The currently developed tumor-targeted macromolecular therapeutics largely depends on the
EPR effect to achieve enhanced delivery to the tumor site. However, the EPR effect is often
more pronounced in animal models than in real patients. The nanomedicines are usually
evaluated in mice when reaching certain tumor sizes, but the tumors in mice are much larger
in terms of the size and weight percent of total body weight than those found in patients. In
addition, the inoculated tumor cells grow much faster in mice models than the development
of tumors in patients, resulting in different tumor pathophysiologies. For example, the
inadequately developed tumor vessels tend to be more leaky and poorly differentiated,
covered with fewer pericytes in mice models than in humans (Lammers et al., 2012).
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Therefore, observing favorable tumor accumulation in mice does not ensure the same tumor-
tropic effect of the identical nanomedicine formulation in patients. The extent of tumor
accumulation of the macromolecular drug carriers must be further improved, in part by
optimizing the structures of the drug carriers. Here, HPMA copolymer based drug carriers
are used as an example to discuss the possible strategies to augment the passive tumor
accumulation.

Biocompatible long-circulating HPMA copolymer-based linear drug carriers—
The molecular weights of the first-generation HPMA copolymer-based linear drug carriers
used in research as well as in clinical trials were limited to below around 45 kDa, to ensure
the safe renal excretion through glomerular filtration after intravenous administration
(Seymour et al., 1987). Although these drug carriers have excellent safety profiles as shown
in patients, they were quickly excreted with limited tumor accumulation and antitumor
efficacy. On the other hand, in vivo research has demonstrated that a higher molecular
weight of the polymer-drug conjugate contributes to the longer circulation retention time
resulting in higher accumulation in the tumor tissue (Figure 8) (Seymour et al., 1995; Shiah
et al., 2001a; Etrych et al., 2012). Using drug carriers with non-degradable polymer
backbone, it is extremely hard to tune the molecular weight of the drug carriers to allow both
safety and antitumor efficacy. With the advances in chemistry and living radical
polymerization, the synthesis of backbone biodegradable multiblock linear HPMA
copolymer drug carriers became possible; such carriers would achieve the enhanced tumor
accumulation, augmented antitumor effects, and elimination of polymer carrier fragments
from the body at the same time.

In linear biodegradable conjugates, multiple telechelic HPMA copolymer fragments with
molecular weights below the renal threshold are linked together by spacers containing
lysosomally degradable tetrapeptide GFLG sequences, thus leading to the intracellular
biodegradation of the resultant high molecular weight (HMW) conjugate. The synthesis of
this multiblock backbone degradable HPMA copolymer-drug conjugate usually consists of
two main steps (Pan et al., 2011; Yang et al., 2011; Luo et al., 2011). First, the low
molecular weight telechelic HPMA copolymer-drug fragments can be synthesized by RAFT
(Reversible Addition-Fragmentation chain Transfer) copolymerization of HPMA,
polymerizable drug-containing comonomers and possibly other polymerizable comonomers
for imaging or targeting purposes. The RAFT copolymerization ensures precise control of
the molecular weight and polydispersity of the copolymer fragments. In the second step, the
polymer chains are extended by alkyne-azide or thiol-ene click reaction of the polymer
fragments with the functionalized spacers, resulting in the conjugate with high molecular
weight (100-300 kDa). Multiblock HPMA copolymer conjugates containing anti-cancer
drugs DOX or gemcitabine were synthesized (Figure 9). The exposure of the conjugates to
enzymes, model thiol proteinase papain or lysosomal cathepsin B, led to complete
degradation of the backbone as well as efficient release of the drugs (Pan et al., 2011; Yang
etal., 2011).

Biodegradable high molecular weight drug carriers with other architectures—
The preparation of HMW HPMA copolymer based drug carriers can be achieved by other
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synthetic routes than those described above. Branched water-soluble HPMA copolymer-
drug conjugates with molecular weights ranging from 100 to more than 1000 kDa for anti-
cancer purposes have been synthesized in earlier studies. To allow degradation of the
conjugates, lysosomally degradable tetrapeptide (GFLG) was incorporated into the
crosslinking agent, N2,N°-bis(N-methacryloylglycylphenylalanylleucylglycyl)-ornithine.
The final drug-containing conjugate was synthesized by one-step radical copolymerization
of HPMA, the crosslinking agent, and the polymerizable comonomer containing anti-cancer
drugs. The reaction was performed in the presence of a chain transfer agent, 3-
mercaptopropionic acid (3-MPA), which lead to the controlled length of the primary
polymer chains below the renal threshold. This method has been used to synthesize HMW
branched HPMA copolymer-DOX conjugates (Dvorak et al., 1999; Shiah et al., 2001a). This
approach permitted relatively reproducible synthesis of the biodegradable HMW polymers;
however, with wider molecular weight distributions than the linear copolymers synthesized
by living radical polymerization.

The grafted HMW HPMA copolymer-drug conjugate was also successfully synthesized, by
both conventional free radical polymerization and RAFT polymerization (Etrych et al.,
2008; Chytil et al., 2010). DOX, used as a model drug, was attached to the grafted polymeric
drug carrier by hydrazone bonds, which can be cleaved under the mildly acidic intracellular
pH. The grafted copolymer conjugate was synthesized by grafting the semitelechelic HPMA
copolymers to the biodegradable spacer-containing side-chains of the primary HPMA
copolymers, via several means, such as the reactions of N-hydroxysuccinimide (OSu),
thiazolidine-2-thione (TT) or pyridyl disulfide (PDS) end groups in the semitelechelic
copolymers with the respective functional groups, hydrazide, amino, and SH groups in the
primary polymer precursor, respectively. The resultant grafted HMW HPMA copolymer-
DOX conjugates can be degraded intracellularly upon the cleavage of the GFLG or disulfide
spacers between the primary and grafted polymer chains, allowing renal clearance of the low
molecular weight polymer fragments (Etrych et al., 2008). Recently, RAFT polymerization
was employed to facilitate the synthesis of biodegradable HMW grafted HPMA copolymer-
drug conjugate with well-defined structure and narrow polydispersity (Chytil et al., 2010).
Briefly, HPMA copolymers terminated with thiocarbonylthio groups were firstly
synthesized by RAFT copolymerization; then the thicarbonylthio groups were removed and
the thiol-terminated HPMA copolymers were modified to introduce different functional
groups. The resultant semitelechelic polymer precursors can be grafted to the side chains of
another type of HPMA copolymer chains to yield the final grafted conjugate.

Studies investigating the in vivo behaviors of both the branched and grafted HPMA
copolymer-drug conjugates showed significantly prolonged blood circulation and enhanced
tumor accumulation of the HMW conjugates than the low molecular weight ones in tumor-
bearing mice models, with concomitant significantly higher antitumor activity in vivo (Shiah
et al., 2001a; Etrych et al., 2008, 2012).

Strategies to improve tumor tissue penetration

After extravasation, nanomedicines and small molecule drugs still need to travel sufficiently
deep to reach as many cancer cells as possible to elicit the tumor cell killing effect. But
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barriers, including the increased IFP, high cellular density, and dense ECM further impede
the efficient diffusion of anti-cancer therapeutics (Minchinton & Tannock, 2006). Earlier
studies of doxorubicin intratumoral distribution have shown the heterogeneous drug
accumulation, with more doxorubicin around the tumor vessels but little or no doxorubicin
in tumor hypoxia regions (Primeau et al., 2005). Nanomedicines usually have much larger
size than small molecule anti-cancer drugs and it is more difficult to penetrate the tumor
tissue (Lammers et al., 2012). So paradoxically, the high molecular weight nanomedicines
can enhance the EPR effect by extravasation, but at the risk of reducing tumor tissue
penetration compared to the low molecular weight counterpart. Therefore, it would be
important to tailor the size of the nanomedicine so that it possesses both long circulation
time and tumor penetration properties.

Several additional strategies have been explored to improve the tissue penetration of
nanomedicines, most of which were designed to overcome the aforementioned anatomical
and physiological barriers, by pretreatment or co-administration of various tumor
microenvironment-modifying agents.

The choice of the “tumor penetration improving agents” largely depends on the dominant
factors that inhibit the drug transport in different tumor types. Enzymatic degradation of
different ECM components has sensitized certain tumors to standard chemotherapies and
nanomedicines. For example, studies showed that pretreatments by collagenase could
increase the penetration of antibodies and viral nanoparticles in metastatic ovarian
carcinoma model and human melanoma xenografts, respectively (McKee et al., 2006; Choi
et al., 2006). Early studies also demonstrated the chemotherapy sensitizing effect of
hyaluronidase in certain tumor cell lines (St Croix et al., 1998). The proposed mechanism is
that hyaluronidase can degrade hyaluronan (HA) and loosen the ECM, thus reducing the
adhesion of the anti-cancer drugs to ECM and increasing the drug exposure to cancer cells.

Recently, the role of HA in remodeling tumor microenvironment and drug resistance has
been more clearly demonstrated. Moreover, a PEGylated formulation of hyaluronidase has
been developed with promising chemo-sensitizing effects by improving tumor penetration
(Thompson et al., 2010; Provenzano et al., 2012). Certain cancers are enriched with HA in
the ECM, with pancreatic ductal adenocarcinoma (PDA) as a perfect example. PDA is well
known for its lethality, extremely hypovascular microenvironment and thus severe resistance
to chemotherapeutics such as gemcitabine. Studies have shown that the aberrantly high
accumulation of HA contributes to the dense ECM and the increased tumor IFP,
subsequently compressing the tumor vasculature and largely impeding the delivery of
therapeutics (Provenzano et al., 2012). Based on the pathological role of HA, strategies to
break down HA have the potential to facilitate the penetration of drugs or nanoparticles.
rHUPH20 is a FDA-approved recombinant human hyaluronidase, only used locally due to its
rapid inactivation in the body. In contrast, the PEGylated rHUPH20, PEGPH20, possesses
significantly increased circulation half-life and makes the systemic intravenous
administration possible. Systemic administration of PEGPH20 to mice bearing PDA
depleted HA, decreased the IFP rapidly to the level as in normal pancreas within 24 h of
treatment and subsequently reopened the tumor vessel lumens widely. This remodeling is
considered irreversible since these changes are still present even long time after the stop of
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treatment. More beneficial effects were observed following the combination therapy of
PEGPH20 with the standard chemotherapeutic gemcitabine. The tumor microenvironment
was further remodeled extensively with deaths of stromal cells and secondary reduction of
collagen deposition, leading to soft and highly vascularized tumor tissue. The combination
therapy significantly increased the response rate to gemcitabine, improved the overall
survival and reduced the metastatic burden (Figure 10) (Provenzano et al., 2012).

For certain cancers such as some types of pancreatic cancer (PDA), breast and prostate
cancers that promote stromal desmoplasia, methods inhibiting stromal cells and fibrosis such
as administration of low dose transforming growth factor-f improve the penetration of
therapeutics and enhance their anti-cancer effect (Olive et al., 2009; Kano et al., 2007).

Another distinct strategy to improve the tumor tissue penetration is to actively drive the
therapeutics deeply into the tumor tissue by conjugating certain targeting moieties with
tissue penetrating functions to nanomedicines or free drugs. These peptides usually contain a
key sequence motif R/IKXXR/K at the C terminal, which allows specific binding to an
overexpressed cell surface receptor neuropilin-1 on tumor cells (Ruoslahti, 2012; Sugahara
et al., 2009). The binding is thought to induce rapid endocytic/exocytic bulk transport
pathway that allows the transport of nanomedicines across multiple cell layers deep into the
tumor tissue. More interestingly, even the co-administration of nanoparticles or free drugs
with unconjugated peptides would lead to enhanced penetration of the therapeutics into the
core of the tumor tissues (Sugahara et al., 2010). This is probably due to the activation of the
bulk transport system that takes along other molecules with the peptides together. An
example of this type of tissue-penetrating peptides includes iRGD (CRGDKGPD), in which
the internal R/KXXR/K motif is exposed to C terminus after protease cleavage of the whole
sequence upon binding to the tumor vasculature.

Issues regarding to the interaction of the drug payload with the therapeutic targets

Drug payload and potency—An important goal of a drug delivery system is to deliver
optimal amount of the bioactive therapeutic agents to tumor cells while minimizing the drug
amount in normal organs. The amount of the anti-cancer drug reaching its cellular/
subcellular target is determined by the delivery efficiencies in various processes including
the access of nanomedicines to the tumor tissue, transport of nanomedicines to tumor cells
within tumor microenvironment, uptake by tumor cells as well as the release of the drug
payload at the site of action. These issues are discussed respectively in the context of this
review. Besides these aspects, the capacity of drug loading into the nanocarrier also limits
the dose delivered to tumor (Taurin et al., 2012). Thus, it is essential to develop drug
conjugation chemistries that allow sufficient incorporation of drug into the drug carrier and
separation of the conjugate from unbound drug. In parallel, precise characterization of the
drug amount in terms of the weight % of all drug carrier components is necessary to
facilitate the accurate in vitro and in vivo efficacy and safety evaluations of nanomedicines
(Duncan & Gaspar, 2011). To be noted, the potency of the therapeutic agent to be delivered
affects the safety and efficacy of the resulting drug delivery system. Due to the physiological
properties of nanocarriers, it is impossible to absolutely avoid the accumulation of drug in
normal organs, though it is possible to reduce certain nonspecific toxicities of the delivered
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drugs. Certain nanomedicine formulations show strong anti-cancer efficacy, but severe
toxicity induced by the potent anti-cancer drug in other organs can prevent their clinical
uses. For example, the once marketed anti-cancer formulation Mylotarg (conjugate of anti-
CD33 antibody with calicheamicin) was withdrawn from clinical use due to its severe side
effect found in high incidence during the post-marketing surveillance (Hdtter & Schlenk,
2011). On the other hand, the drug needs to be potent enough so that the dose required
achieving therapeutic effect is within the practical range for formulation and administration.
Thus, the choice of appropriate anti-cancer drug plays an important role for the development
of successful nanomedicines. An example of a successful antibody-drug conjugate is the
recently approved anti-CD30 antibody-auristatin conjugate for the treatment of Hodgkin's
lymphoma and anaplastic large cell lymphoma (Rothe et al., 2012).

Cellular uptake and subcellular trafficking—As early as 1906, the concept of “magic
bullet” was proposed by Paul Ehrlich and the importance of biorecognition for drug efficacy
was emphasized (Ehrlich, 1906). Numerous drug delivery systems employing active
targeting moieties have been tested in vitro and in vivo, showing more effective binding and
cellular uptake than the corresponding non-targeted systems. For example, studies
evaluating HPMA copolymer-anti-PSMA antibody conjugate on PSMA overexpressing
prostate cancer cells showed that the antibody after conjugation had comparably strong
binding affinity with that of the free antibody in vitro (Liu et al., 2009). The subsequent
endocytosis of the actively targeted conjugate into prostate cancer cells was faster than the
control conjugate with nonspecific IgG. Further characterizations demonstrated multiple
endocytotic pathways involved including clathrin-mediated endocytosis, clathrin-/caveolae-
independent endocytosis and macropinocytosis, eventually directing the endosomal and
lysosomal trafficking of drug containing conjugate. In another in vitro cancer model, HPMA
copolymer-anti-cancer drug-OV-TL16 antibody conjugate showed enhanced binding and
internalization into ovarian carcinoma cells, with concomitant higher cytotoxicity than the
non-targeted conjugate (Omelyanenko et al., 1998b). Furthermore, in vivo evaluations of
HPMA copolymer-DOX-OV-TL16 antibody and HPMA copolymer-Mceg-OV-TL16
antibody conjugate combination therapy did show significantly enhanced tumor
accumulation and therapeutic efficacy of the targeted conjugates than non-targeted
conjugates (Shiah et al., 2001b).

The polymer conjugate platform with versatile synthetic possibilities, as well as the use of
smaller sized targeting moieties such as antibody fragments, natural ligands and peptides
enables the incorporation of multiple targeting ligands into the same nanocarrier. This
multivalent effect can further enhance the biorecognition, resulting in increased therapeutic
efficacy (David et al., 2001).

Whereas the advantageous cellular interactions of actively targeted nanocarriers have been
confirmed in various studies, the effect of active targeting in overall tumor accumulation is
controversial across different studies. Many studies did not reveal significantly higher tumor
accumulation following targeted nanomedicines than non-targeted ones (Kirpotin et al.,
2006; Bartlett et al., 2007; Gabizon et al., 2003; Kwon et al., 2012). In a study of folate
receptor (FR)-targeted liposome, the co-administration of free folate could not affect the
extent of tumor accumulation of the targeted liposomes, suggesting the negligible effect of
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active targeting on tumor accumulation (Gabizon et al., 2003). In contrast to this, enhanced
tumor accumulations of targeted nanomedicines have been observed in other studies
(Seymour et al., 2002; EIBayoumi & Torchilin, 2009). These results are most likely due to
the effective cell entry and retention of the nanocarriers, which in turn reduces the potential
clearance of the nanocarriers already entering the tumor microenvironment. However, the
mechanism of active targeting indicates its potential limitations, that is, before reaching
cancer cells, various barriers such as dense stromal cells and ECM between tumor vessels
and cancer cells may prevent the interaction of cancer cells with the conjugate, rendering the
active targeting less effective.

Intracellular vs. extracellular drug release—The ideal anti-cancer nanomedicine
constructs satisfying both enhanced efficacy and safety should be stable in the circulation
and selectively release the therapeutic payload at the tumor site. The controlled release of
therapeutics is one of the important advantages of macromolecular therapeutics over
traditional free drug treatment. Both intracellular and extracellular drug release strategies
have been designed based on the specific biological properties of cancer cells and tumor
microenvironment. No matter which strategy is chosen, the foremost criterium for an
efficient macromolecular therapeutics is to achieve favorable drug release kinetics.

For intracellular drug release, the specific lysosomal enzymes and the reductive or mildly
acidic intracellular environment have been employed to design the biodegradable linkers.
For example, a tetrapeptide biodegradable spacer GFLG, commonly used in many HPMA
copolymer-anti-cancer drug conjugates, can be cleaved fast by the lysosome specific
enzyme cathepsin B (Rejmanova et al., 1983). This oligopeptide sequence is perfectly stable
in the circulation, due to the absence of relevant enzymes in blood. However, the cleavage
efficiency of GFLG can be heterogeneous depending on the expression levels of cathepsin B
in different individuals. Spacers independent of intracellular enzyme activities include the
hydrazone bond responsive to the low pH and the reductive disulfide bond (Ulbrich & Subr,
2010). Data showed that the hydrazone linker is not completely stable in the circulation at
neutral pH, but releasing the payload very fast at the intracellular pH (Ulbrich et al., 2003;
Ulbrich & Subr, 2010).

For extracellular drug release, spacers sensitive to the acidic pH or the specific enzymes
present in tumor microenvironment such as MMPs can be employed. Besides tumor specific
spacers, other linkers cleavable in specific tissues can be used for the treatment of cancers in
certain organs (Gao et al., 2006, 2007, 2008, 2009). For example, colon-specific delivery
can take advantage of the specific microbial enzyme activities such as azo-reductase activity
in the colon. The linker composed of an aromatic azo bond and a 1,6-elimination spacer was
designed and incorporated into the side chains of the HPMA copolymer-9-
aminocamptothecin (9-AC) conjugate (Gao et al., 2006). The fast and efficient release of the
unmodified drug from the linker led to prolonged mice survival from colon cancer (Gao et
al., 2007, 2008, 2009).

The choice of different linkers should be based on the physiochemical properties of cancer
intra- and extracellular environment, as well as the types of cancer. The nanomedicines for
extracellular drug release probably allow deeper penetration of free drug payload in the
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tumor than the nanosized drug containing carriers. On the other hand, nanomedicines for
intracellular release can take advantage of the distinct internalization pathways, potentially
overcoming or preventing the multidrug resistance of the cancer cells to free drugs.

Conclusions and outlook

Considerable milestones have been achieved in the field of anti-cancer nanomedicines,
including the development of biocompatible materials, the advanced synthetic or other
chemical approaches for the design of nanocarriers, the discovery of the targetability of
nanomedicines, the improved understanding of the relationship between cancer biology and
nanomedicine design, the introduction of nanomedicines into clinical evaluations and
applications. There is no doubt that nanomedicine development for cancer treatments has
strong scientific foundations. However, anti-cancer nanomedicine development is still far
from perfection, due to both the potential limitations in material science and the
understandings of cancer biology. In particular, the influences of the complex
pathophysiological features of cancer on the behavior of nanomedicines have been
underestimated. In this review, the complexities of cancer cell biology, microenvironment
and disease progression, as well as several possible strategies in nanomedicine design to
address some aspects of these complexities were discussed.

For better nanomedicine designs, further considerations are needed. First, the various
functional components of nanomedicines should be incorporated comprehensively, to make
the best of advantages and avoid the disadvantages of the nanoformulations. Second, the
structure and the components of nanocarriers should be well controlled. Third, tumor type or
stage, even patient subpopulation-specific designs are needed considering the intertumoral
heterogeneity.
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Figure 1.
(A) Two models of tumor heterogeneity. The left cartoon shows the clonal evolution model:

cancer cells are phenotypically heterogeneous, but they acquire the tumorigenic ability
randomly, with the equal potential to generate new tumors; the right cartoon illustrates the
CSC model: only a subset of cancer cells (CSC) have the ability to self-renew and form new
tumors, whereas most other cancer cells are depleted of this ability. (B) The rationale for the
development of anti-cancer therapeutics based on CSC model. Conventional therapies kill
non-CSCs but fail to eliminate CSCs, resulting in relapse; CSC-targeted therapies inhibit
CSCs and lead to temporary cancer regression, but may not stop the generation of new CSCs
from bulk cancer cells; the combination of conventional and CSC-targeted therapies will
effectively target both bulk cancer cells and CSCs, leading to effective cancer regression.
Adapted with permission from Reya et al. (2001).
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A. Normal tissue

Figure 2.
The structural differences between normal and tumor tissue microenvironment. (A) Normal

tissues have blood vessels with tightly aligned endothelial cells and pericytes. The
extracellular matrix is comprised of a loose network of collagen fibers and a few fibroblasts
and macrophages. Lymph vessels are present. (B) Tumor tissues contain leaky and tortuous
blood vessels with irregular blood flow. Pericytes covering outside the tumor vasculatures
are still present. The tumor extracellular matrix is much denser than normal tissues, with
thicker network of collagen fibers, more fibroblasts and macrophages. In addition, tumors
usually lack functional lymph vessels. All the above features contribute to the increased
interstitial fluid pressure (IFP). Adapted with permission from Heldin et al. (2004).
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Figure 3.
(A) Summary of changes on CD133* prostate CSCs and whole cell viabilities following

HPMA copolymer-cyclopamine conjugate, free cyclopamine or docetaxel treatments on
RC-92a/hTERT prostate cancer cells in vitro (Zhou et al., 2012). Black columns: CD133
expression level (%); gray columns: Cell viability (%). The data are presented as mean = SD
of the experiments done in triplicate. *p < 0.05; **p < 0.01. Vehicle (DMSO) treated and
untreated cells were used as controls. (B) The scheme of the combination HPMA
copolymer-based macromolecular therapeutics for improving the treatment of prostate
cancer, by targeting both bulk cancer cells and prostate CSCs. Adapted with permission
from Zhou et al. (2012).
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Tumor BCM-2665
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The antitumor and anti-CSC effect of the thermal enhancement with gold nanoshells in
combination with radiation in the BCM-2665 breast cancer model. (A) Tumor volume
changes following radiation (IR, red triangle) and the combination of radiation and
hyperthermia (IR + HT, yellow diamond). (B) The changes in the percentages of ALDH +
breast CSCs following IR (red) and IR + HT (yellow) treatments. (C) The changes in
mammosphere forming efficiency (MSFE) following IR (red) and IR + HT (yellow)
treatments. (D) EdU incorporation following IR (red) and IR + HT (yellow) treatments (*p <
0.05; **p < 0.001). The % changes in B-D were normalized to the mock treatment. Adapted
with permission from Atkinson et al. (2010).
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Figureb5.

The effect of i.p. administered HPMA copolymer-DOX conjugate and free DOX on the
growth of both sensitive (left) and resistant (right) human ovarian carcinoma xenografts in
mice. Triangles: HPMA copolymer-DOX conjugate; squares: free DOX; circles: control.
The data are presented as mean = SE (Minko et al., 2000). Reprinted with permission from
Kopectek & Kopeckova (2010).
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Figure6.
(A) The structure of Activatable Cell Penetrating Peptide-conjugated Dendrimer (ACPPD).

Multiple ACPPs are covalently attached via the polycationic segments (a) to the dendrimer
(gray circle). Yellow ovals (d) demonstrated the payloads such as Cy5 and/or Gd. Upon
exposure to MMP-2 or -9 in tumor microenvironment, the linkers (b) are cleaved and
polyanions (c) are released, leaving the cationic dendrimers for cell entry. (B-E) The
enhanced uptake of Gd and Cy5 dually labeled ACPPDs in regions with high MMP
activities and infiltrative tumors. (B—C) Axial MR and fluorescence images of a transgenic
PyMT mouse before surgery (white arrows: the tumor burdens); (D-E) Axial MR and
fluorescence images of the same mouse after surgical removal of tumor under white light.
Red arrows: regions of residual hyperintensity on MR and fluorescence imaging; (F)
Regions of hyperintensity on MRI were removed under fluorescence imaging and stained
with hematoxylin/eosin to verify the presence of tumor. Adapted with permission from
Olson et al. (2010).
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Figure7.

Inhibition of metastatic 4T1 mammary adenocarcinoma in the tibia by HPMA copolymer-
PTX-ALN conjugate. (A) Chemical structure of the conjugate and the release mechanism of
PTX and ALN from the conjugate. (B) Fluorescent images of 4T1 mCherry tumors in the
tibia following single, combination of free drugs, and HPMA copolymer-PTX-ALN
conjugate treatments on day 15. The treatments were administered i.v. every other day.
Scale bar represents 15 mm. (C) Antitumor efficacies of HPMA copolymer-PTX-ALN
conjugate (closed squares), free PTX plus ALN (open squares), free PTX (closed circles),
and free ALN (open triangles) as compared to vehicle (open circles) and saline (closed
triangles) controls. Y-axis represents the fluorescent intensities of the tumors as measured
quantitatively by intravital noninvasive fluorescence imaging. The data are presented as
mean + SE. PTX, paclitaxel; ALN, alendronate. Adapted with permission from Miller et al.
(2011).
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(A) The chemical structure of Tyr-HPMA-copolymer. (B) The relationship between the
molecular size of i.v. administered 125|-labeled Tyr-HPMA-copolymers and the plasma
concentration (AUC), tumor accumulation and renal clearance (CL) in sarcoma-180 tumor-
bearing mice (Seymour et al., 1995; Fang et al., 2011). (C) The chemical structure of the
branched HPMA copolymer-DOX conjugate. (D) Tumor accumulation of DOX in
OVCAR-3 carcinoma bearing nu/nu mice after i.v. bolus of free DOX or HPMA copolymer-
DOX conjugate with different molecular weights (Shiah et al., 2001a).
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Figure9.
(A) The synthesis of multiblock HPMA copolymer-DOX conjugate. The HPMA copolymer

segments containing DOX was synthesized by RAFT copolymerization of monomer HPMA
and MA-GFLG-DOX in the presence of a bifunctional chain transfer agent containing
GFLG sequences (Peptide2CTA). The chain was extended by the reaction of the telechelic
a,w-dithoil-HPMA copolymers with bismaleimide, yielding the multiblock biodegradable
HPMA copolymer-DOX conjugate (Pan et al., 2011). (B) FPLC profiles showing the
degradation of multibock HPMA copolymer-DOX conjugate by incubation with cathepsin B
(left) and papain (right) at different time intervals. PD-Org: the initial telechelic HPMA
copolymer-DOX conjugate; PD-Ext: the extended multiblock HPMA copolymer-DOX
conjugate (Pan et al., 2011). C) The synthesis of multiblock HPMA copolymer-gemcitabine
conjugate. The heterotelechelic HPMA copolymer-gemcitabine conjugate segments
containing terminal alkyne and azide groups was firstly synthesized by RAFT
copolymerization using the chain transfer agent containing GFLG sequence and alkyne
group (CTA-GFLG-alkyne), followed by post-polymerization modification with diazido-
V-501. The chain extension was achieved by Cu (1) catalyzed azide-alkyne click reaction
(Yang et al., 2011). Adapted from Pan et al. (2011); Yang et al. (2011).
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Figure 10.
The tumor remodeling and anti-tumor effects of Gemcitabine + PEGPH20 (PEGylated

recombinant human hyaluronidase PH20) combination therapy on
Kras-SL-G12D/+ - Trp53LSL-R172H/+- Cre (KPC) mice. (A) Tumor IFP at survival endpoint
decreased significantly after treatment with gemcitabine + PEGPH20 (GP; n = 9) than with
gemcitabine (G; n=9) only. *p < 0.0001. (B and C) Tumor was hypovascular following
gemcitabine treatment (B), while tumor vasculatures were increased following gemcitabine
+ PEGPH20 combination therapy (C). D) Tumor volume changes following Gemcitabine
and Gemcitabine + PEGPH20 combination treatments after one cycle (*p = 0.009). (E)
Kaplan-Meier survival curves of mice in different treatment groups: control (n = 16),
PEGPH20 (n = 15), Gem (n = 16), and Gem + PEGPH20 (n = 14). *p = 0.004 demonstrated
the significant difference in median overall survival of Gem (55.5 days) and Gemcitabine +
PEGPH20 (91.5 days) treated mice. (F) Metastatic burden in Gemcitabine + SPEGPH20
treated mice was significantly decreased compared with Gem treatment alone (G) (*p =
0.014). Adapted with permission from Provenzano et al. (2012).
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