
M
olecular O

ncology 
Vol. 5/6 (2

0
1
1) 4

8
3–5

7
6

5
6

E
L

SE
V

IE
R

A journal for discovery-driven 
translational cancer research

www.molecularoncology.org | Volume 5| Issue 6| December 2011

Targeted nanomedicine

Ischemia confounds microarray data

Early prediction of increased breast cancer risk

Targeting angiogenesis with FAK inhibitors

MOLONC_v5_i6_COVER.indd   1MOLONC_v5_i6_COVER.indd   1 11/12/2011   3:15:34 AM11/12/2011   3:15:34 AM



M O L E C U L A R O N C O L O G Y 5 ( 2 0 1 1 ) 4 9 2e5 0 3
ava i l ab le a t www.sc ienced i rec t . com

www.elsevier .com/locate /molonc
Review

Molecular-targeted nanotherapies in cancer: Enabling treatment

specificity
Elvin Blancoa, Angela Hsiaoa, Guillermo U. Ruiz-Esparzaa, Matthew G. Landrya,
Funda Meric-Bernstamb, Mauro Ferraria,*
aDepartment of Nanomedicine, The Methodist Hospital Research Institute, Houston, TX 77030, USA
bDepartment of Surgical Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
A R T I C L E I N F O

Article history:

Received 12 October 2011

Accepted 13 October 2011

Available online 25 October 2011

Keywords:

Nanomedicine

Cancer

Molecular therapeutics

siRNA

Liposomes

Polymer micelles
* Corresponding author. Tel.: þ1 713 441 843
E-mail address: mferrari@tmhs.org (M. Fe

1574-7891/$ e see front matter ª 2011 Feder
doi:10.1016/j.molonc.2011.10.005
A B S T R A C T

Chemotherapy represents a mainstay and powerful adjuvant therapy in the treatment of

cancer. The field has evolved from drugs possessing all-encompassing cell-killing effects

to those with highly targeted, specific mechanisms of action; a direct byproduct of en-

hanced understanding of tumorigenic processes. However, advances regarding develop-

ment of agents that target key molecules and dysregulated pathways have had only

modest impacts on patient survival. Several biological barriers preclude adequate delivery

of drugs to tumors, and remain a formidable challenge to overcome in chemotherapy. Cur-

rently, the field of nanomedicine is enabling the delivery of chemotherapeutics, including

repositioned drugs and siRNAs, by giving rise to carriers that provide for protection from

degradation, prolonged circulation times, and increased tumor accumulation, all the while

resulting in reduced patient morbidity. This review aims to highlight several innovative,

nanoparticle-based platforms with the potential of providing clinical translation of several

novel chemotherapeutic agents. We will also summarize work regarding the development

of a multistage drug delivery strategy, a robust carrier platform designed to overcome sev-

eral biological barriers while en route to tumors.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction To highlight the importance of chemotherapy, a recent review
Cancer is a major cause of mortality worldwide (Jemal et al.,

2011), with significant improvements in detection and therapy

yielding modest impacts on patient survival. Chemotherapy

represents a mainstay, powerful therapeutic cornerstone in

the treatment and management of cancer, successfully sup-

plementing strategies such as surgery and radiation therapy.
9; fax: þ1 713 441 8235.
rrari).
ation of European Bioche
and meta-analysis of 17 randomized phase III clinical trials

that included 30,672 breast cancer patients demonstrated

that weekly administration of paclitaxel significantly dimin-

ished the risk of recurrence and mortality following surgical

resection (Gines et al., 2011).

In the last century, innumerable compounds were isolated

and screened for antitumoral purposes and included agents
mical Societies. Published by Elsevier B.V. All rights reserved.

mailto:mferrari@tmhs.org
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005


M O L E C U L A R O N C O L O G Y 5 ( 2 0 1 1 ) 4 9 2e5 0 3 493
highly varied in origin with equally disparate mechanisms of

action. As an example, consider the aforementioned pacli-

taxel and doxorubicin, one natural and the other from bacte-

rial sources, which effectively kill tumor cells by

microtubule hyperstabilization and DNA intercalation, re-

spectively (Czeczuga-Semeniuk et al., 2004; Jin et al., 2010).

In spite of these differences, the substantial arsenal of cyto-

toxic drugs initially employed in chemotherapy shared one

common overarching thread, which was their inability to ad-

equately discriminate between normal and tumor cells. Cell-

killing was simply “selective” in the sense that these agents

targeted rapidly replicating cells. Consequently, this lack of

specificity gave rise to substantial morbidity in patients. One

classic example is doxorubicin, now well-known to result in

cardiotoxicity and acute myeloid leukemia in patients (Azim

et al., 2011). As a result, clinicianswere forced to accept the ex-

istence of an extremely narrow margin separating curative

doses from those that resulted in severe toxic side effects.

The last few decades have witnessed a significant surge in

the understanding of underlying mechanisms of tumor initia-

tion and progression, shedding light and insights on distinct

molecular traits shared among the different cancers. Several

of these were elegantly summarized by Hanahan and Wein-

berg, and include such properties as invasion and metastasis
Figure 1 e Timeline of select milestones in mo
activation, angiogenic potentiation, and sustained prolifera-

tive signaling (Hanahan and Weinberg, 2000). Most recently,

the list detailing the complexities behind cancer has been

updated to include emerging hallmarks such as immune de-

struction avoidance and energy metabolism reprogramming

(Hanahan and Weinberg, 2011). With the elucidation and

a more thorough comprehension of these properties, as well

as the genomic instability proving causal to these, came the

ability to rationally design novel agents that could exploit

key molecular targets or dysregulated pathways necessary

for tumor cell survival. Their emergence over the last 20 years

produced a shift in the chemotherapeutic landscape towards

strategies that comprise a highly specific, more targeted

mechanism of action than those afforded by traditional drugs.

Novel agents such as bevacizumab (Avastin�), have recently

surfaced clinically as viable therapeutics that target specific

molecules (Figure 1) (Alvarez et al., 2010). A prime example

of one such target is the human epidermal growth factor re-

ceptor 2 (HER2), a tyrosine kinase receptor essential for signal

transduction involved in cell growth and differentiation

(Mendelsohn and Baselga, 2000). Overexpression or amplifica-

tion of HER2 occurs in approximately one-fourth of breast

cancer patients, and has been associated with poor prognosis

and survival (Morrow et al., 2009). As a result, trastuzumab
lecular therapeutics for cancer treatment.
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(Herceptin�), a recombinant monoclonal antibody that binds

to HER2, was developed and is clinically used in the treatment

of HER2 positive breast cancer patients, resulting in much im-

proved outcomes (Pegram et al., 2000). Several drugs previ-

ously unassociated with cancer therapy are undergoing

repositioning; explicitly, as more and more insights are dis-

covered, so are the new indication or diseases in which they

can be applied (Duenas-Gonzalez et al., 2008). And last but

not least, a decade after the discovery of its potential in mam-

malian cells, RNA interference (RNAi) via small-interfering

RNAs (siRNAs) has proven highly successful in its ability to

knock down gene expressionwith immense specificity, usher-

ing in a novel avenue for drug design and therapy (Petrocca

and Lieberman, 2011).

With the emergence of novel agents such as trastuzumab

and siRNAs, clinicians inch their way closer to Paul Erhlich’s

concept of a “magic bullet” for cancer therapy, or drugs highly

specific for a particular tumor (Strebhardt and Ullrich, 2008).

However, simply designing agents with heightened therapeu-

tic affinity for targets is not enough to guarantee adequate

treatment, since there is no assurance that this drugwill reach

its intended site upon injection. The major hindrance to clin-

ical translation is the inability to overcome a number of obsta-

cles present en route to the tumor. Themost easily appreciable

is the reticuloendothelial system (RES), a system comprised of

monocytes and macrophages that clear foreign materials

from circulation (Peer et al., 2007). Consequently, drug trans-

port in blood is highly non-specific, accumulating in healthy

organs, and resulting in lower tolerability and severe morbid-

ity. Moreover, there are physical, biological barriers that exist

in the body, obstacles oftentimes arising from tumorigenesis,

that nonetheless prevent the drug from reaching its intended

site (Michor et al., 2011). These include interstitial pressure

gradients, abnormal blood flow in tumor microenvironments,

and the existence of membranes to name a few (Ferrari,

2010a). The presence of these biobarriers indeed impedes

drugs from reaching their intended destination at doses nec-

essary to elicit an efficacious response.

Currently, the field of nanomedicine has given rise to sev-

eral nanoscale (1e100 nm) platforms for biomedical applica-

tions that improve the delivery of both traditional and

emerging therapeutics, essentially blazing a trail towards clin-

ical translation of drugs deemed otherwise too toxic for sys-

temic administration (Ferrari, 2005). Liposomes and polymer-

drug conjugates were among the first nanoplatforms devel-

oped for these purposes, and are widely utilized in clinics

(Duncan and Gaspar, 2011). Since their development, several

different particle types have emerged with distinct properties,

all the while maintaining the characteristics that make them

ideal carrier systems. Nanoparticles either encapsulate or en-

graft the anticancer agentwithin a core, where the drug is pro-

tected fromdegradation and its solubility increased. The small

size of nanoparticles aids in their evasion of the RES, and thus,

results in longer circulation times. Chemically modifying the

surface of nanoparticles with hydrating polymers such as

poly(ethylene glycol) (PEG) also contributes to longer circula-

tion times of the nanoparticle in the bloodstream. This sus-

tained intravascular presence allows drugs to accumulate in

tumors through the enhanced permeability and retention

(EPR) effect, a transport phenomena arising from the presence
of fenestrations in tumor blood vessels (Maeda, 2001). This

heightened tumor accumulation, coupled with the inability

to distribute evenly to all organs, results in less toxic side ef-

fects in patients and potentially heightened antitumor

efficacies.

Over the last three decades, significant improvements in

patient outcomes can be linked directly to the evolving thera-

peutic landscape. Herein, we aim to highlight significant

strides towards the clinical translation of highly specific,

molecular-based drugs for cancer therapy. Advances in nano-

medicine stand to make immense contributions towards

achieving this end in the safest and most efficacious manner,

and as such, will constitute the main focus of this review. The

innovative strategies and platforms presented herein will

surely usher in a new era of chemotherapy, one that consists

of tailor-made regimens best-suited for a specific tumor type,

combined with enhanced delivery mechanisms that ensure

maximal efficacy and reduced toxicity.
2. Traditional nanoparticle platforms and their
applications in molecular therapy

2.1. Liposomes

Liposomes are spherical, bilayeredmembranenanoconstructs

with diameters typically approximating 100 nm (Figure 2A)

(Torchilin, 2005). Composed of phospholipidswith hydrophilic

heads and hydrophobic long-chain tails, their morphology

consists of an aqueous core surrounded by a hydrophobic

membrane; the core capable of encapsulating a broad range

of hydrophilic chemotherapeutic agents, including siRNA. Li-

posomes have the distinction of being the first nanoparticle

platform to be approved by the FDA for clinical use, with

a PEGylated liposomal formulation of doxorubicin (DOXIL�)

gaining approval for treatment of Kaposi’s sarcoma in 1995

(Gabizon et al., 2003; Gabizon, 2001). This formulation not

only increased the circulation time of doxorubicin, but also di-

minished cardiotoxicity and patient morbidity (Hamilton

et al., 2002). Following administration of liposomal doxorubi-

cin once every three weeks in patients with Kaposi’s sarcoma,

19 of 53 patients showeda partial response and one a complete

response (Northfelt et al., 1997).

Since its arrival in the clinical arena, liposomal doxorubicin

has been used as a vital component in various drug regimens,

including those employing novel, emerging molecular thera-

pies. Recently, liposomal doxorubicin was examined in a mul-

ticentre phase II study in combination with docetaxel and

trastuzumab (Venturini et al., 2010). In the trial, thirty-one pa-

tients with metastatic HER2 positive breast cancer received li-

posomal doxorubicin, docetaxel, and trastuzumab for up to

eight cycles, after which trastuzumabwas administered alone

for up to 52 weeks. The regimen was shown to have minimal

cardiotoxicity and general side effects, and demonstrated

promising overall response rates in patients with metastatic

breast cancer.

Despite its main function as a therapeutic, trastuzumab

and its analogs also serve as highly efficient targetingmoieties

for chemotherapeutic-containing nanoparticles (Colombo

http://dx.doi.org/10.1016/j.molonc.2011.10.005
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Figure 2 e Nanoparticle platforms for molecular therapy of cancer. A) Liposomes comprised of a lipid bilayer membrane encasing an aqueous core

capable of encapsulating water-soluble agents. B) Polymer micelles consisting of a hydrating corona and hydrophobic core that can accommodate

water insoluble drugs.
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et al., 2010). A liposomal formulation encapsulating doxorubi-

cin was developed to enhance targeting to HER2-

overexpressing breast tumors by attaching several different

MAb fragments, including a recombinant Fab’ derived from

trastuzumab (Park et al., 2002). Following experiments that

demonstrated superior binding and internalization of anti-

HER2 liposomes in HER2-overexpressing cells in vitro, Benz

and coworkers examined the pharmacokinetics and antitu-

mor activity of targeted liposomes in rat models. Results dem-

onstrate that targeted liposomes had long circulation times,

analogous to non-targeted liposomes, depicting a biphasic

plasma profile for doxorubicin, with terminal half-lives ap-

proximating 12 h. When administered to rats intravenously

at total doxorubicin doses of 15.0e22.5 mg/kg over three

weeks, targeted doxorubicin liposomes yielded significant an-

titumor efficacy in four different HER2-overexpressing tumor

models over controls that included free doxorubicin, liposo-

mal doxorubicin, and trastuzumab alone. Cures were ob-

served in 11 of 21 mice bearing BT474/SF tumors that

received targeted liposomes, compared to no cures observed

in control groups consisting of free doxorubicin or liposomal

doxorubicin. In a more recent study, anti-HER2 liposomes

were developed that contained topotecan, a topoisomerase I

inhibitor (Drummond et al., 2010). Following functionalization

with an anti-HER2 scFv F5 antibody, the liposomal formula-

tion was intravenously administered to mice bearing BT474

breast tumors, in a treatment regimen consisting of 5 mg/kg

of liposomes on days 14, 18, and 21 after tumor implantation.

The targeted liposomal formulation proved highly efficacious,

yielding 2-fold and 5-fold differences in antitumor activity

compared to non-targeted liposomes and free topotecan, re-

spectively, after the course of 53 days.

Bevacizumab is a recombinant humanizedmonoclonal an-

tibody that inhibits VEGF, a growth factor ligand responsible

for angiogenesis (Grothey and Ellis, 2008). Results from several

phase III clinical trials comprising colorectal, non-small cell

lung, and breast cancer demonstrate that bevacizumab re-

sults in superior patient response rates, and was FDA
approved as a chemotherapeutic strategy in combination

with several drugs such as paclitaxel (Gonzalez-Angulo

et al., 2011). As in the case with trastuzumab, bevacizumab

can be used as a targeting moiety to enhance the efficacy of

nanoparticles. To this effect, Campbell and coworkers devel-

oped bevacizumab-labeled cationic liposomes to improve tar-

geting to several pancreatic cancer cell lines including

Capane1, HPAFeII, and PANCe1 (Kuesters and Campbell,

2010). Bevacizumab-conjugated liposomes had modest im-

pacts on cell viability in vitro, an effect shown to be cell-type

specific, and demonstrated increased cellular uptake by

PANCe1 cells grown in the presence of VEGF. Biodistribution

studies in SCID mice showed that targeted liposomes had re-

duced uptake in the spleen and an approximate two-fold

higher concentration in blood and Capane1 tumors after

24 h, highlighting the potential of bevacizumab as a viable tar-

geting ligand for nanoparticle-based chemotherapeutics in

pancreatic cancer.

Small-interfering RNA fragments have been found to sup-

press gene expression with immense silencing efficiency and

relatively low toxicity compared to traditional chemothera-

peutics. siRNAs are 19e21 base-paired double-stranded RNA

that post-transcriptionally silence genes, exerting effects at

the translation level in the cell cytoplasm, its therapeutic tar-

get beingmRNA (Figure 3) (Elbashir et al., 2001). Highly specific

in theirmechanismof action, they are capable of silencing reg-

ulators of oncogenesis at extremely low (picomolar to nano-

molar) concentrations in vivo. While an exciting avenue for

chemotherapy, siRNAs degrade extremely rapidly in physio-

logical environments and are eliminated almost immediately

from circulation upon injection (Zhang et al., 2006). Liposomes

prove ideal carriers for biological agents suchas siRNAbecause

of their stable aqueous core. Moreover, it is possible to com-

bine RNA-interfering strategies with traditional chemothera-

peutics, as well as novel agents targeting unique pathways

found dysregulated in cancers. One example is the Raf/MEK/

extracellular signal-related kinase (ERK) pathway, which is es-

sential for cellular proliferation, and found to be aberrant in

http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005


Figure 3 e Cellular-level schematic of nanoparticle-based delivery of siRNA. Nanoparticles provide biocompatible carrier platforms that protect

siRNAs from degradation, increase circulation lifetime, and enhance accumulation in the tumor microenvironment. Once internalized in the cell,

siRNA binds to the RISC complex and undergoes unwinding. The antisense RNA in complex with RISC binds to the corresponding mRNA,

undergoing cleavage by the enzyme slicer, after which the mRNA is rendered inactive.
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several cancers (Ciuffreda et al., 2009). As a result, several in-

hibitors of key proteins in the cascade have been developed

as potential chemotherapeutics. Oh and coworkers developed

liposomes encapsulating a Mcl1-specific siRNA (siMcl1) and

a chemical MEK inhibitor (PD0325901), and examined the in vi-

tro and in vivo antitumor efficacy of the platform (Kang et al.,

2011). Following encapsulation and complexation of

PD0325901 and siMcl1, respectively, the liposomal formulation

was administered toKB cells.Westernblot results showed that

co-delivery of both agents significantly reduced expression of

Mcl1 and pERK1/2 proteins, while in vitro growth inhibition as-

says showed a reduction in cell survival with the combination

treatment. Inmousemodels of KB tumors, liposomeswere ad-

ministered intratumorally at a dose of 0.7 mg/kg siRNA and

0.72 mg/kg PD0325901 every other day for five total injections.

Liposomes were found to significantly suppress tumor size

(79% compared to controls), withwestern blots of extracted tu-

mors showing in vivo gene-target silencing.
Antisense therapy represents a gene silencing strategy that

stands to make a profound impact on cancer therapy, a strat-

egy warranting nanoparticulate delivery for enhanced effi-

cacy. In this approach, antisense oligonucleotides bind to

complementary and specific mRNAs, rendering them inactive

(Crooke, 2004). Kasid and coworkers examined, in a phase I

clinical trial, a liposomal formulation, LErafAON, that encap-

sulates the raf antisense oligonucleotide, administered with

the purpose of acting on c-raf, a protein that bestows cancer

cells with resistance to radiation or chemotherapy

(Dritschilo et al., 2006). The liposomal strategy is thus meant

to serve as an adjuvant therapy that allows for sensitization

of tumors to radiation therapy. In the trial, where the platform

was administered to patients with advanced solid tumors un-

dergoing radiation therapy, the c-raf-1 mRNAwas inhibited in

three of five evaluable patients, with a 2.0mg/kg administered

dose twice a week found to be well tolerated without produc-

ing severe radiation toxicity. Out of 12 evaluable patients, four

http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005
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exhibited partial response, four had stable disease, and four

showed progressive disease. From the partial response and

stable disease patients, five were evaluable for c-raf-1 mRNA

or Raf-1 protein expression. Three of the five patients

exhibited c-raf-1 mRNA inhibition and four out of the five

exhibited Raf-1 protein inhibition (Dritschilo et al., 2006;

Moreira and Simoes, 2003).

The protein tyrosine kinase family also represents a novel

avenue for targeted therapy, with enzymes pertaining to the

src pathway comprising viable targets for inhibition. These ki-

nases are essential in signaling pathways responsible for sev-

eral cellular events including proliferation, secretion, and

adhesion during tumorigenesis (Kim et al., 2009). Pyrazolopyr-

imidine derivatives have been shown to effectively inhibit c-

src activity in several cancers including breast and thyroid.

Given the immense potential of these agents, liposomal nano-

particles encapsulating Si 34, a novel compound with struc-

tural similarities to pyrazolopyrimidine derivatives, were

developedwith the hope of inhibiting epidermal growth factor

(EGF)-stimulated src activation in the ARO thyroid cancer cell

line (Celano et al., 2008). Both drugswere shown to greatly sup-

press growth of cells in a dose-dependent fashion, with a 72 h

exposure showing a pronounced suppression of cyclin D1 ex-

pression. Upon encapsulation in liposomes, dose-dependent

cell-killingwas observed, albeit, at lower doses and shorter ex-

posure times for liposomes than for free drugs. Further exam-

ination revealed apoptotic-cell death and significant reduction

of EGF-induced migration after 48 h incubation. Moreover, an

early onset of c-src and ERK phosphorylation inhibition was

observed with Si 34 liposomes in ARO cells incubated with

EGF. Theantitumoreffect of the liposomal formulationwasex-

amined in vivo in immunodeficient (NOD-SCID) mice bearing

subcutaneousARO cells. Following daily intravenous adminis-

tration of 25 or 50mg/kg of Si 34 liposomesduring the course of

3 weeks, a 6-fold difference in tumor growthwas observed be-

tween liposome-treated and controlmice, highlighting the po-

tential of pyrazolopyrimidine derivatives for chemotherapy.

Recently, there has been amajor effort to target metastasis

and tumor cell dissemination in sites such as bone marrow,

the most common site of breast cancer metastasis. To this ef-

fect, the use of bisphosphonates, such as zoledronic acid, was

explored as a treatment strategy, given its ability to inhibit the

release of growth factors essential for cancer cell growth and

differentiation in bone (Gnant, 2011). Emerging data from sev-

eral clinical trials serves to highlight a potential anticancer ef-

fect of zoledronic acid, as well as chemotherapeutic synergy

with established drugs (Ressler et al., 2011). While promising,

zoledronic acid has an extremely rapid blood clearance and

preferential accumulation in bone, necessitating encapsula-

tion in nanoparticles. De Rosa and coworkers developed Lipo-

ZOL, a liposomal formulation of zoledronic acid, to increase

circulation times, reduce accumulation in bone, and increase

targeting to tumors (Marra et al., 2011). Resulting liposomes

measured 200e240 nm in diameter, with a loading efficiency

of zoledronic acid ofw75%. Confocal microscopy experiments

demonstrated efficient uptake of liposomes in PC3 and LNCaP

prostate cancer cells, and demonstrated potent growth inhibi-

tion in various cancer cell lines in vitro. In vivo studieswere con-

ducted in male mice injected with human PC3 cells, with

liposomes administered intravenously 3 times per week for 3
weeks at zoledronic acid doses of 10 or 20 mg. Mice treated

with 10 or 20 mg of zoledronic acid alone had tumor regressions

of 16%and 22%, respectively, compared to a control group con-

sisting of empty liposomes. In contrast,mice treatedwith 10 or

20 mg of LipoZOL showed tumor growth suppressions of 58%

and 68%, respectively, in comparison to controls. Moreover,

mice treated with LipoZOL had a tumor growth delay of

20e23 days compared to 1e2 days for all other groups, drasti-

cally increasing the overall survival of mice from 3 days to

31e47 days. Last but not least, LipoZOL was found to inhibit

tumor-vessel formation, suggesting an anti-angiogenic effect

in PC3 tumors.

2.2. Polymer micelles

Polymer micelles are supramolecular, spherical constructs

formed from the self-assembly of amphiphilic-block copoly-

mers in aqueous environments, ranging in size from 10 to

100 nm in diameter (Figure 2B) (Kataoka et al., 2001). The ensu-

ing core-shell morphology of polymer micelles, consisting of

a hydrophobic core and hydrophilic shell, makes them ideal

carrier particles for lipophilic drugs (Blanco et al., 2009). Their

chemical composition, which typically includes a hydrophilic

block consisting of PEG, also opens several avenues for cus-

tomization and functionalization (Murakami et al., 2011). As

an example, targeting ligands can be incorporated on the

corona-forming PEG, while specialty polymers can be incorpo-

rated for purposes of tailored drug release (Sutton et al., 2007).

While lagging slightly behind liposomes in terms of clinical

translation, polymer micelles of varying formulations and en-

capsulated drugs are currently being explored in several dif-

ferent clinical trials. Genexol-PM, a paclitaxel-containing

micellar formulation composed of PEG-PLA, showed an over-

all response rate of 58.5%, with 19 partial responses and 5

complete responses in 41 patients, in a metastatic breast can-

cer phase II clinical trial where micelles were administered at

a dose of 300 mg/m2 every 3 weeks (Lee et al., 2008).

As in the case with liposomes, the antitumor effect of poly-

mer micelles has been explored in combination with novel,

molecular-targeted agents. Recently, Matsumura and co-

workers explored the potential synergy and antitumor activity

of NK012, a 7-ethyl-10-hydroxycamptothecin (SN-38) micellar

formulation, and bevacizumab in human lung cancers

(Kenmotsu et al., 2010). Nude mice bearing PC-14 or A549

lung adenocarcinoma xenografts, were administered at doses

of 5 mg/kg and 30mg/kg, respectively, with or without bevaci-

zumab at a dose 5 mg/kg. At these combined doses of NK012

and bevacizumab, significant tumor growth inhibitions of

10-fold and 5-fold compared to saline controls were observed

in PC-14 and A549 tumors, respectively, after 10 days. More-

over, the combination was shown to significantly suppress tu-

mor growth compared to treatment groups receiving either

agent alone.

Monoclonal antibodies like bevacizumab and trastuzumab

can also be attached to polymer micelles for use as targeting

ligands for enhanced treatment efficacy and imaging. Re-

cently, quantum dots (QDs) have received considerable atten-

tion as powerful molecular imaging moieties given their

fluorescence stability, high quantumyields, and tunable emis-

sionwavelengths (Smith et al., 2008). In an attempt to increase

http://dx.doi.org/10.1016/j.molonc.2011.10.005
http://dx.doi.org/10.1016/j.molonc.2011.10.005
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the selective cellular uptake of near-IR QDs for imaging pur-

poses, Lee and coworkers encapsulated near-infrared QDs

within PEG-pentacosadiynoic acid (PCDA) polymer micelles

functionalized with trastuzumab (Nurunnabi et al., 2010).

The water-soluble, functionalized QD micelles were in the

size range of 130e460 nm, were highly stable, andwere shown

to induce a dose-dependent effect on cell viability in KB and

SK-BR3 cells, albeit with an enhanced effect in the latter cell

line. Confocal experiments indeed demonstrated that in-

creased uptake of trastuzumab-functionalized QD micelles

occurred in SK-BR3 compared to KB cells. In light of these find-

ings, the antitumor activity of this micellar platform was ex-

plored in female BALB/c-nu/nu mice bearing subcutaneous

HER2-positive MDA-MB-231 tumors, in which treatment con-

sisted of a single i.v. injection of a 10 mg/kg dose of QD mi-

celles. Findings demonstrate that the functionalized micelles

effectively suppressed tumor growth by approximately 6-

fold compared to saline controls after 21 days, with themech-

anism, while unclear, most likely relying on the presence of

trastuzumab.

Asmentionedpreviously, novel drugs fromvarying sources

are emergingas powerful chemotherapeutic candidates. Inter-

estingly, these repositioned drugs target specific enzymes or

pathways, eliciting cell-killing effects that are far removed

from the conventions of traditional chemotherapeutics. As

an example, b-lapachone (b-lap) is a novel anticancer agent

whose cell-killing effect is “bioactivated” by the enzyme

NAD(P)H:quinone oxidoreductase 1 (NQO1), a flavoprotein

found overexpressed in several cancers, including breast,

prostate, and lung (Bey et al., 2007). In cancer cells where

NQO1 is overexpressed, the agent undergoes futile cycling

resulting in the generation of reactive oxygen species (ROS).

ROS in turn lead to DNA single-strand breaks, hyperactivation

of poly(ADP-ribose) polymerase-1 (PARP-1), and loss of NADþ
and ATP (Pink et al., 2000). In vitro experiments demonstrated

that growth inhibition occurs in cells overexpressing NQO1 af-

ter a 2 h exposure, while cells in which NQO1 is absent are un-

affected at equivalent concentrations. And while these results

are promising, the insolubility of b-lap encumbers its clinical

translation. Hence, Gao and coworkers developed polymermi-

celles encapsulating b-lap for treatment of non-small cell lung

cancer (Blanco et al., 2010). Resultingmicelles possessed diam-

etersofw30nm,provedhighly stable, and releaseddrug inabi-

phasic manner over 96 h (Blanco et al., 2007). Micellar

encapsulation increased the circulation time of b-lap, with

an elimination phase half-life of 28 h, and yielded relatively

high levels of tumor accumulation compared to other organs.

Antitumor efficacywas examined in female nudemice bearing

subcutaneous A549 lung tumors and orthotopic Lewis lung

carcinoma. Following intravenous administration of a 50 mg/

kg dose b-lap micelles every other day (total of 5 injections),

A549 tumor growth suppression was apparent, with an ap-

proximate 2.5-fold difference observed between treatment

and vehicle (empty micelle) controls. In the Lewis lung carci-

nomamodel, an equivalent dose and dosing regimen resulted

in a doubling of survival (16 days compared to 8 days in con-

trols) in an otherwise very aggressive lung tumor model

(Blanco et al., 2010).

Another viable target for molecular therapy in cancer is

heat shock protein 90 (HSP90), a molecular chaperone which
under normal conditions is responsible for prevention of pro-

tein aggregation (Khong and Spencer, 2011). HSP90 becomes

overexpressed under conditions of stress, resulting in tumor-

igenesis and increased proliferation in a variety of cancers in-

cluding lung, prostate, and breast. Tanespimycin, a derivative

of the HSP90 inhibitor geldanamycin, has been explored clin-

ically for chemotherapeutic purposes (Whitesell and

Lindquist, 2005). Themechanismof action of tanespimycin in-

volves the degradation of oncogenic signaling proteins, induc-

ing cell death via apoptosis. In a phase I dose escalation study

in twenty-nine patients with relapsed and refractory multiple

myeloma, tanespimycin was administered on days 1, 4, 8, and

11 of a 3 week cycle, at doses progressively increased from 150

to 525 mg/m2 (Richardson et al., 2010). Disease stabilization

was observed in 11 of 16 patients who received the three low-

est doses, and 5 of 13 patients who received the three highest

doses. While effective, tanespimycin is not without dose lim-

iting toxicity, and is still sparingly soluble in aqueous environ-

ments. Ghandehari and coworkers developed poly(styrene-

co-maleic acid) (SMA) polymeric micelles encapsulating

tanespimycin, and examined the in vitro and in vivo efficacy

in prostate cancer models (Larson et al., 2011). Micelles mea-

sured approximately 75 nm in diameter, efficiently encapsu-

lated tanespimycin (w93% loading efficiency), and released

w60% of the drug after 24 h. In nude mice bearing subcutane-

ous DU145 human prostate tumors, a single injection at a dose

of 10 mg/kg yielded significant tumor growth suppression,

with mean tumor volumes of treated mice remaining essen-

tially unchanged from their initial volume of 100 mm3. Con-

trastingly, tumors in mice treated with saline and free

tanespimycin reached average volumes of 300 mm3 by day 16.

Asmentionedpreviously, for siRNA to be effective in cancer

therapy, it must be stably encapsulated in nanoparticles that

can reach tumors and undergo uptake by cancer cells, leading

many to explore micellar technology as an avenue for siRNA

delivery. Park and coworkers explored the use of a polyelectro-

lyte-based micellar VEGF siRNA delivery platform for treat-

ment of prostate cancer (Kim et al., 2008). The micelles were

approximately 99 nm in diameter, were shown to effectively

inhibit VEGF expression in PC-3 cells in vitro, andwere long cir-

culating in the blood with adequate accumulation levels in tu-

mors. The antitumor efficacy was examined in vivo in female

nudemice bearing subcutaneous PC-3 tumors. The dosing reg-

imenconsistedof an injectionof 1.5 nmol of siRNAondays 0, 4,

10, 18, and 28. Naked siRNA failed to have any effect on tumor

growth, likely due to degradation effects. In contrast, VEGF

siRNA-containing polymer micelles had an approximate 86%

inhibitory effect compared to no treatment controls. Quantita-

tive examinationofmicrovessel density served tohighlight the

silencing effect that themicellar formulationhadonmicroves-

sel formation, resulting in an approximate 78% reduction com-

pared to no treatment controls.
3. CALAA-01 RNAi nanoparticles: clinical evidence
of successful molecular therapy using targeted
nanomedicine

In 2008, a team led by Mark Davis became the first to system-

ically deliver targeted nanoparticles containing siRNA in

http://dx.doi.org/10.1016/j.molonc.2011.10.005
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a phase I clinical trial in human patients with solid cancers

(Figure 1) (Davis et al., 2010). The nanoparticles consisted of

a linear, cyclodextrin-based polymer (CDP), transferrin (Tf)

protein targeting ligands, and anti-R2 siRNAs which interact

with the cationic polymer, effectively protecting the siRNA,

and producing nanoparticles less than 100 nm in diameter

(Davis, 2009). In preclinical trials, the nanoparticle platform

was administered to cynomolgus monkeys at doses of 3, 9,

and 27 mg siRNA/kg over 17 days. Administered doses of 3

and 9 mg siRNA/kg were well tolerated but at 27 mg siRNA/

kg, elevated levels of blood urea nitrogen and creatinine

were present, suggesting possible kidney toxicity. Overall,

there were no signs of toxicity that were overtly due to the

treatment, with the preclinical study demonstrating thatmul-

tiple, systemic doses of targeted nanoparticles containing

siRNA could be safely administered to non-human primates

(Heidel et al., 2007).

In the phase I clinical trial, patients with solid cancerswere

administered four 30 min intravenous injections of the siRNA

platform on days 1, 3, 8, and 10 in a 21-day cycle (Davis et al.,

2010). After 11 days of rest, a second 21-day cycle was admin-

istered, if deemed appropriate. To determine whether the tar-

geted nanoparticle system could deliver the siRNA to the

tumor site in humans, biopsies from 3 patients were analyzed

after the final dose of cycle 1 and compared to their pre-

treatment archived tissue. Presence of nanoparticles in tumor

cells was evident by staining for nanoparticles in tissue and

confirmed via TEM analysis. Most importantly, the presence

of an mRNA fragment was detected in a patient who under-

went administration with the highest dose, demonstrating

that siRNA-mediated cleavage occurred specifically where

expected.
4. Multistage drug delivery: overcoming barriers to
enable molecular therapy

We have developed a novel multistage platform for the deliv-

ery of chemotherapeutic agents, including emerging molecu-

lar therapeutics. The approach stems from the realization of

mass transport differentials encountered in cancer, and the

need to apply an understanding of “oncophysics” to overcome

several of these biobarriers (Ferrari, 2010a). Therefore, our pro-

posed multistage drug delivery strategy is designed in such

a way to successfully circumnavigate several of the intricate

biobarriers encountered by nanoparticles on their journey to

tumor sites (Ferrari, 2008; Tasciotti et al., 2008). The platform

aims to enhance site-specific delivery and release of therapeu-

tics in tumors by encapsulating drug-containing nanopar-

ticles within a carrier construct comprised of mesoporous

silicon particles (MSPs) (Figure 4A). The multistage platform

consists of the following components: 1) mesoporous silicon

particles that house; 2) nanoparticles containing; 3) anticancer

therapeutics. Porous silicon, on account of its biocompatibil-

ity, biodegradability, and FDA approval for clinical use, was

chosen as the constituent material of the carrier particle. Pho-

tolithographic masks dictate the geometry and dimensions of

theMSPs, while chemical composition and anodization condi-

tions are used to tailor pore dimensions and porosity. It is now

possible to obtain carrier particles ranging from 500 nm to
1.6 mm in size, in shapes that vary from hemispherical to dis-

coidal, withmean pore sizes of 5e80 nm (Chiappini et al., 2010;

Tasciotti et al., 2008). The large size of these particles makes

them ideal for encapsulation of a large payload of nanopar-

ticles, ranging from liposomes to carbon nanotubes. By com-

bining in silico mathematical modeling with in vitro and

in vivo experimentation, MSPs were rationally designed with

ideal geometries and sizes for minimization of RES uptake

and maximization of tumor uptake (Decuzzi et al., 2009).

Moreover, the MSPs were designed to maximize margination,

firm adhesion, and cellular internalization. Parallel-plate flow

chamber experiments show that under controlled hydrody-

namic conditions, non-spherical particles were not found in

the center of blood flow, as in the case for spherical particles,

but were found to drift laterally. This phenomenon in turn

might increase potential interactions with vessel walls, in-

cluding adherence and receptor-ligand interactions. Upon in-

jection into mice bearing MDA-MB-231 breast tumors,

hemispherical particles accumulated the highest in tumors

compared to spherical, discoidal, and cylindrical particles

(Decuzzi et al., 2010). In summary, findings regarding vessel

margination and heightened accumulation in tumor tissue fa-

vor site-specific drug delivery of chemotherapeutics.

Upon arrival at the tumor site, MSPs undergo cellular inter-

nalization, with several MSP properties, such as chemical sur-

face charge, vastly affecting cellular interactions. In an in vitro

study where MSPs were administered to vascular endothelial

cells, the cells were shown to rapidly internalize both nega-

tively and positively charged particles, albeit, with

positively-charged particles undergoing more internalization

following serum opsonization (Serda et al., 2009). In regards

to release of contents, nanoparticle release from MSPs was

shown to be highly dependent on degradation kinetics of the

MSP, which in turn is determined by degree of porosity. Re-

sults show that MSPs with a high degree of porosity degrade

in a matter of hours, releasing their contents rapidly. In con-

trast, MSPs with low porosity take several days to degrade,

resulting in sustained release of therapeutic agents over

time. Moreover, degradation can also be modulated by func-

tionalizing the surface of the MSP with materials such as

PEG, which in turn affects release kinetics (Godin et al., 2010).

Given its ability to overcome biological barriers, success-

fully marginate to endothelial walls, effectively protect its

cargo, and release its contents in a sustained fashion, themul-

tistage delivery platform was hypothesized to be a promising

vehicle for the in vivo translation of siRNA therapeutics

(Ferrari, 2010b). The antitumor efficacy of the multistage

drug delivery platformwas examined in vivo in amousemodel

of ovarian cancer, wherein liposomes containing an siRNA

against EphA2, an oncogenic tyrosine kinase receptor, were

encapsulated within MSPs (Tanaka et al., 2010). MSPs were

successfully loaded with siRNA-containing liposomes, and

the release of siRNAwas found to be sustained over the course

of weeks in physiological conditions. Mice were administered

siRNA-containing liposomes twice a week for 3 weeks at

a dose of 5 mg EphA2-siRNA, while a separate set of mice

were given a single administration of multistage EphA2-

siRNA-liposomes at the start of treatment at a dose of 15 mg

EphA2-siRNA. Pronounced gene silencing of EphA2 protein

in SKOV3ip1 tumors was observed after a single injection of
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Figure 4 e siRNA-containing multistage particles for molecular-targeted cancer therapy. A) Scanning electron microscopy (SEM) image of

mesoporous silicon particles, depicting the size and geometry of the platform. The inset represents a schematic of MSPs releasing drug-containing

nanoparticles. B) In vivo antitumor efficacy of EphA2 siRNA-containing multistage particles in SKOV3ip1 cells. siRNA-liposomes (DOPC) were

administered twice a week over the course of 3 weeks at a dose of 5 mg siRNA.Multistage particles (S1MP) were injected once at the start of the study

at a dose of 15 mg siRNA. Statistical significance ( p £ 0.05) is represented by asterisks. C) and D) constitute representative immunohistochemistry

images of CD31 and Ki67 stained tissues, respectively. DOPC and S1MP denote EphA2 siRNA-containing liposomes and MSPs, respectively.

Dosing regimens were the same as previously mentioned. E) and F) represent quantitative estimates of mean number of vessels per field (CD31) and

mean%of proliferative cells (Ki67), respectively, from representative sections of each treatment group.All figures are courtesy of AACRPublications.
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the multistage siRNA formulation during the course of the

three weeks, resulting in heightened tumor growth inhibition.

As is evident in Figure 4B, an approximate 54% and 65% reduc-

tion in tumor weight occurred in mice treated with siRNA

multistage particles compared to nonsilencing control

siRNA-liposomes and multistage-non-silencing control-

siRNA-liposomes, respectively. Interestingly, the antitumor

efficacy of a single administration of multistage siRNA was

comparably as effective, if not more, than repeated injections

of EphA2-siRNA-liposomes. Downstream effects of sustained

downregulation of EphA2, including microvessel density

(CD31) and cell proliferation (Ki67), resulting from multistage

siRNA treatment were examined in SKOV3ip1 ovarian tumors,

revealing further insights into gene silencing and the antitu-

mor effects observed. As is apparent in the representative im-

munohistochemistry sections comprising Figure 4C and D,

there is a marked difference between CD31-positive vessels

between multistage treatment and control groups, as well as

between total numbers of Ki67-positive cells, respectively. Fol-

lowing quantification of microvessel density (CD31) and cell

proliferation (Ki67), it is apparnet that mean microvessel den-

sity was significantly reduced by w3-fold in tumors treated

with multistage siRNA (Figure 4E). Figure 4F shows that the

proliferation index was also significantly reduced by 20-fold

when mice were treated with the multistage formulation.
5. Conclusions

Chemotherapy remains a vital cornerstone of cancer treat-

ment, proving adjuvantly indispensable to patient survival.

Initially, chemotherapeutics consisted of agents with im-

mense cell-killing potential, but whose mechanism of action

was incapable of distinguishing between malignant and

healthy cells. Recently, chemotherapeutics have evolved into

more specific agents as novel insights into key molecular tar-

gets emerged. Targeted biologics, including therapeutic anti-

bodies and siRNAs, as well as repositioned drugs found to

act on dysregulated pathways, are now being explored in

clinics, either alone or in combination with preexisting che-

motherapeutics. Despite significant improvements, the im-

pact on patient survival remains modest and far from

acceptable, with adequate, site-specific delivery even now lin-

gering as amajor hindrance to efficacious therapy. Nanomedi-

cine is currently enabling the use of novel and traditional

drugs otherwise deemed unsuitable for intravenous adminis-

tration. Liposomes and polymer micelles have proven effec-

tive at solubilizing anticancer agents for injection into the

bloodstream, leading to increments in drug half-life. Innova-

tive strategies, such as the multistage drug delivery platform

described herein, have the potential to overcome several of

the biological barriers involved in drug delivery. By rationally

designing the carrier with regards to size and geometry, the

pharmacokinetics can be altered in such a way that enhances

tumor accumulation. Moreover, the platform stably protects

drugs, site-specifically releasing, in a sustained fashion, po-

tentially a multitude of different agents encapsulated within

the carrier particle. The latter property will prove important

in the future, when insights into biomarkers and proteomics

will allow clinicians to tailor drug regimens to specific tumor
types, offering rationally-designed chemotherapy of a more

personalized nature.
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