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Abstract: One of the main goals of nanomedicine is to develop a nanocarrier that can selectively
deliver anticancer drugs to the targeted tumors. Extensive efforts have resulted in several tumor-
targeted nanocarriers, some of which are approved for clinical use. Most nanocarriers achieve
tumor-selective accumulation through the enhanced permeability and retention effect. Targeting
molecules such as antibodies, peptides, ligands, or nucleic acids attached to the nanocarriers
further enhance their recognition and internalization by the target tissues. While both the stealth
and targeting features are important for effective and selective drug delivery to the tumors,
achieving both features simultaneously is often found to be difficult. Some of the recent targeting
strategies have the potential to overcome this challenge. These strategies utilize the unique
extracellular environment of tumors to change the long-circulating nanocarriers to release the
drug or interact with cells in a tumor-specific manner. This review discusses the new targeting
strategies with recent examples, which utilize the environmental stimuli to activate the
nanocarriers. Traditional strategies for tumor-targeted nanocarriers are briefly discussed with
an emphasis on their achievements and challenges.

Keywords: Nanocarriers; tumor targeting; passive targeting; active targeting; activatable
(activated) nanocarriers; drug delivery

Introduction

One of the main goals of nanomedicine is to develop a

specific interactions between the ligands (antibodies, peptide
mimics, or nucleic acids) on the carrier surface and receptors

safe and effective drug carrier that is systemically applied
but will selectively deliver cytotoxic drugs to tumor cells
without harming normal cells. The unique structural features
of many solid tumors (hypervasculature, defective vascular
architecture, and impaired lymphatic drainage)' lead to
relatively selective extravasation and retention of long-
circulating nanocarriers. This phenomenon (“passive target-
ing”) is essentially the working principle of most clinically
viable targeting strategies based on nanocarriers.

Another popular approach is to modify the surface of
nanosized carriers with ligands that can specifically recognize
the tumor cells (“active targeting”). This strategy relies on
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expressed on the tumor cells. For example, human epidermal
growth factor receptor-2 (HER-2),>° folic acid receptor,6
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and vasoactive intestinal peptide receptors (VIP-R)’ have
been investigated as biomarkers for nanocarriers targeted to
breast tumors.

Recently, new targeting strategies have emerged as a way
of improving the targeting efficiency of the nanocarriers.
These strategies utilize the unique microenvironment sur-
rounding tumor cells (“tumoral extracellular environment’)
as a molecular cue to activate long-circulating nanocarriers
to release the drug or facilitate their cellular uptake upon
arrival at the target tumor sites.

The objective of this review is to discuss recent advances
in tumor targeting strategies employed in nanocarrier-based
drug delivery, with an emphasis on extracellularly activated
nanocarriers. Traditional targeting strategies will be briefly
reviewed first, and new targeting strategies based on the
tumoral extracellular environment will subsequently be
discussed with recent examples.

Nanocarriers

Many different macromolecular structures, such as
drug—polymer conjugates, micelles, liposomes, dendrimers,
and nanoparticles, have been designed to transport drugs to
their intended targets. Micelles can be made from amphiphilic
block-copolymers that self-assemble into small spherical
structures. 8~ '° Liposomes are vesicles made of lipid bilayers
that can encapsulate drugs in their cores or bilayers.'”
Nanoparticles are generally polymeric matrix in the form of
nanosized colloids that can encapsulate a drug through
physical entrapment (association between the drug and
polymer) or chemical conjugation (creating a chemical bond
between the drug and polymer).'"'? For the sake of brevity,
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factor receptor-targeted immunoliposomes significantly enhance
the efficacy of multiple anticancer drugs in vivo. Cancer Res.
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mediated overcoming multidrug resistance in tumor cell lines.
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(8) Matsumura, Y. Polymeric Micellar Delivery Systems in Oncol-
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all these systems will be referred to as nanocarriers unless a
specific design is the focus. Recent reviews provide detailed
information about various types of nanocarriers.'®'?~2*

Traditional Targeting Strategies

This section briefly summarizes the traditional targeting
strategies focusing on their achievements and limitations.
Interested readers are referred to recent review articles that
discuss each strategy more comprehensively,'-!415:18:21.22:25=31
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Figure 1. Schematic representation of nanocarriers that passively or actively target tumors. Both types of nanocarriers
reach tumors selectively through the leaky vasculature surrounding the tumors. Upon arrival at tumor sites,
nanocarriers with targeting molecules can bind to the target tumor cells or enter the cells via specific receptor
(cell)—ligand (carrier) interactions, whereas stealth nanocarriers are less efficient in interacting with tumor cells.

Passive Targeting. One of the most useful discoveries in
tumor physiology for tumor-targeted drug delivery is the
enhanced permeability and retention (EPR) effect.!*>% An
actively growing tumor needs to form new blood vessels in
order to get nutrients and sustain its growth.'®> These newly
formed blood vessels are usually defective and have fenestrae
ranging in size from 100 to 600 nm.'** 3¢ The targeting
effect is achieved as the nanocarriers remain in the blood-
stream, where the vessel structure is normal, but would
extravasate through the leaky vasculature at the tumor site
(Figure 1). Upon arrival at the target sites, the nanocarriers
release the drug at the vicinity of the tumor cells.>’ The
impaired lymphatic drainage in tumors contributes to reten-
tion of the nanocarriers at the tumors.'?

To take advantage of the EPR effect, it is critical for the
nanocarriers to evade immune surveillance and circulate for
a prolonged period. To this end, at least three properties of

(32) Maeda, H. The enhanced permeability and retention (EPR) effect
in tumor vasculature: The key role of tumor-selective macro-
molecular drug targeting. Adv. Enzyme Regul. 2001, 41, 189—
207.

(33) Greish, K. Enhanced permeability and retention of macromo-
lecular drugs in solid tumors: a royal gate for targeted anticancer
nanomedicines. J Drug Targeting 2007, 15 (7—8), 457-64.

(34) Yuan, F.; Dellian, M.; Fukumura, D.; Leunig, M.; Berk, D. A.;
Torchilin, V. P.; Jain, R. K. Vascular permeability in a human
tumor xenograft: molecular size dependence and cutoff size.
Cancer Res. 1995, 55 (17), 3752-3756.

(35) Brigger, I.; Dubernet, C.; Couvreur, P. Nanoparticles in cancer
therapy and diagnosis. Adv. Drug Delivery Rev. 2002, 54 (5),
631-651.

(36) Gabizon, A. A.; Shmeeda, H.; Zalipsky, S. Pros and cons of the
liposome platform in cancer drug targeting. J. Liposome Res.
20006, 16 (3), 175-183.

(37) Lee, E. S.; Oh, K. T.; Kim, D.; Youn, Y. S.; Bae, Y. H. Tumor
pH-responsive flower-like micelles of poly(L-lactic acid)-b-poly
(ethylene glycol)-b-poly(L-histidine). J. Controlled Release 2007,
123 (1), 19-26.

nanocarriers are particularly important. Most gaps in the
leaky vasculature fall below 400 nm;>° therefore, nanocarriers
should be much less than 400 nm for efficient extravasation.
On the other hand, the kidneys are capable of filtering
particles smaller than 10 nm (about 70,000 Da),*®3? and the
liver can capture particles larger than 100 nm.*® Therefore,
the ideal nanocarrier size is somewhere between 10 and 100
nm. Not only can clearance organs filter out nanocarriers
based on their size, the kidneys are also capable of filtering
positively charged particles.*>*' Therefore, it is important
to maintain the nanocarriers either neutral or anionic for
successful evasion of the renal elimination. In addition, the
nanocarriers must be hidden from the reticuloendothelial
system (RES), which destroys any foreign material through
opsonization followed by phagocytosis.'®** A common
method of disguising nanocarriers from the RES is to coat
the surface with polyethylene glycol (PEG), a procedure
called PEGylation.'***** The most widely accepted theory
for this increased circulation time is that PEG reduces the
protein interactions on the surface of the nanocarriers and

(38) Caliceti, P.; Veronese, F. M. Pharmacokinetic and biodistribution
properties of poly(ethylene glycol)-protein conjugates. Adv. Drug
Delivery Rev. 2003, 55 (10), 1261-1277.

(39) Alexis, F.; Pridgen, E.; Molnar, L. K.; Farokhzad, O. C. Factors
Affecting the Clearance and Biodistribution of Polymeric Nano-
particles. Mol. Pharmaceutics 2008, 5 (4), 505-515.

(40) Guasch, A.; Deen, W. M.; Myers, B. D. Charge selectivity of
the glomerular filtration barrier in healthy and nephrotic humans.
J. Clin. Invest. 1993, 92 (5), 2274-2282.

(41) Rennke, H. G.; Cotran, R. S.; Venkatachalam, M. A. Role of
molecular charge in glomerular permeability. Tracer studies with
cationized ferritins. J. Cell Biol. 1975, 67 (3), 638-646.

(42) Owens, D. E.; Peppas, N. A. Opsonization, biodistribution, and
pharmacokinetics of polymeric nanoparticles. Int. J. Pharm.
2006, 307 (1), 93-102.

(43) Howard, M. D.; Jay, M.; Dziublal, T. D.; Lu, X. L. PEGylation
of nanocarrier drug delivery systems: State of the art. J. Biomed.
Nanotechnol. 2008, 4 (2), 133-148.
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prevents their binding to opsonins.**** This may be due to
the hydrophilicity of PEG and the attraction of water to the
surface which repels the protein.'®** One study showed that
the half-life of gelatin nanoparticles increased from 3 to 15 h
when they were PEGylated.'®

A number of passively targeting nanocarriers were devel-
oped in the 1980s and 1990s,'%4% and some of them were
approved for clinical use.*® One of the examples is Doxil
(or Caelyx), a PEGylated liposome that encapsulates doxo-
rubicin. Doxil/Caelyx has shown enhanced circulation time
compared to free doxorubicin, good drug retention in the
liposomes™® and is up to six times more effective than free
doxorubicin.*****7 Doxil/Caelyx was approved for advanced
ovarian cancer, metastatic breast cancer, and AIDS-related
Kaposi’s sarcoma.'®

While the long-circulating nanocarriers significantly in-
creased tumor localization of the payload, some limitations
exist. First, the targeting effect is highly dependent on the
degree of tumor vascularization and angiogenesis.'> The
porosity and pore size of tumor vessels vary with the type
and status of the tumors;***° thus, the passive targeting effect
may not be always achieved in all tumors. Second, the
elevated interstitial fluid pressure, a condition common to
most solid tumors,’® inhibits efficient uptake and homoge-
neous distribution of nanocarriers and/or drugs in the tumor
tissues.'*>! Moreover, the passive targeting can be further
limited due to the very presence of PEG. The PEGylated
surface can prevent not only the interaction between the
nanocarriers and opsonins but also that between the nano-
carriers and cell surface.’®>® The reduced interactions inhibit
effective uptake of the payload by the tumor cells.’” For
example, PEGylated liposomal doxorubicin was less efficient

(44) Oku, N.; Tokudome, Y.; Asai, T.; Tsukada, H. Evaluation of
Drug Targeting Strategies and Liposomal Trafficking. Curr.
Pharm. Des. 2000, 6, 1669-1691.

(45) Gabizon, A.; Shmeeda, H.; Barenholz, Y. Pharmacokinetics of
pegylated liposomal doxorubicin - Review of animal and human
studies. Clin. Pharmacokinet. 2003, 42 (5), 419-436.

(46) Gabizon, A. A. Pegylated liposomal doxorubicin: Metamorphosis
of an old drug into a new form of chemotherapy. Cancer Invest.
2001, /9 (4), 424-436.

(47) Colbern, G. T.; Hiller, A. J.; Musterer, R. S.; Pegg, E.;
Henderson, I. C.; Working, P. K. Significant increase in antitumor
potency of doxorubicin HCI by its encapsulation in pegylated
liposomes. J. Liposome Res. 1999, 9 (4), 523-538.

(48) Bae, Y. H. Drug targeting and tumor heterogeneity. J. Controlled
Release 2009, 133 (1), 2-3.

(49) Hobbs, S. K.; Monsky, W. L.; Yuan, F.; Roberts, W. G.; Griffith,
L.; Torchilin, V. P.; Jain, R. K. Regulation of transport pathways
in tumor vessels: Role of tumor type and microenvironment.
Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 4607-4612.

(50) Heldin, C.-H.; Rubin, K.; Pietras, K.; Ostman, A. High interstitial
fluid pressure-an obstacle in cancer therapy. Nat. Rev. Cancer
2004, 4, 806-813.

(51) Netti, P. A.; Roberge, S.; Boucher, Y.; Baxter, L. T.; Jain, R. K.
Effect of Transvascular Fluid Exchange on Pressure-Flow
Relationship in Tumors: A Proposed Mechanism for Tumor
Blood Flow Heterogeneity. Microvasc. Res. 1996, 52 (1), 27—
46.
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in entering the tumor cells, with a much lower AUC 0,/
AUCj4sma (0.31) (AUC: area under the curve) compared to
that of non-PEGylated liposomes (0.87).> The reduced
cellular uptake of PEGylated carriers would be particularly
problematic in drug delivery to multidrug-resistant tumor
cells, as the drug is released in the extracellular matrix and
enters the cells as a free drug, which will be subjected to
the multidrug resistance machinery.***®

Active Targeting. Active targeting involves conjugating
targeting molecules to the surface of nanocarriers. Examples
of targeting molecules include antibodies, ligands, peptides,
nucleic acids, and other molecules that bind directly to a
receptor overexpressed on a tumor-cell surface.'® The idea
of active targeting was first proposed by Paul Ehrlich in the
19th century, even before a rational targeting ligand was
discovered. Ehrlich coined the term “magic bullet”, an
idealized package that would target and deliver drugs to a
specific place in the body.>® This idea translates directly to
the ongoing effort in cancer research to reduce the system-
ic toxicity of chemotherapy. The underlying rationale of
active targeting is that the avid and specific interaction
between the nanocarriers and the target cells would selec-
tively increase the rate and extent of drug delivery to the
target tumor cells.'®'®!83% The endothelium surround-
ing tumors, which does not necessarily express the tumor-
specific target molecules, may be a potential barrier to the
direct interaction between the nanocarriers and tumors.
Nonetheless, the ligands are expected to have direct access
to the target molecules expressed on the underlying tumor
tissues and achieve the active targeting effect, because the

(52) Mishra, S.; Webster, P.; Davis, M. E. PEGylation significantly
affects cellular uptake and intracellular trafficking of non-viral
gene delivery particles. Eur. J. Cell Biol. 2004, 83 (3), 97-111.

(53) Gryparis, E. C.; Hatziapostolou, M.; Papadimitriou, E.; Av-
goustakis, K. Anticancer activity of cisplatin-loaded PLGA-
mPEG nanoparticles on LNCaP prostate cancer cells. Eur.
J. Pharm. Biopharm. 2007, 67 (1), 1-8.

(54) Romberg, B.; Hennink, W.; Storm, G. Sheddable Coatings for
Long-Circulating Nanoparticles. Pharm. Res. 2008, 25 (1), 55—
71.

(55) Hong, R. L.; Huang, C. J.; Tseng, Y. L.; Pang, V. F.; Chen,
S. T.; Liu, J. J.; Chang, F. H. Direct comparison of liposomal
doxorubicin with or without polyethylene glycol coating in C-26
tumor-bearing mice: Is surface coating with polyethylene glycol
beneficial. Clin. Cancer Res. 1999, 5 (11), 3645-3652.

(56) Kaasgaard, T.; Mouritsen, O. G.; Jgrgensen, K. Screening effect
of PEG on avidin binding to liposome surface receptors. Int.
J. Pharm. 2001, 214 (1—2), 63-65.

(57) Hatakeyama, H.; Akita, H.; Kogure, K.; Oishi, M.; Nagasaki,
Y .; Kihira, Y.; Ueno, M.; Kobayashi, H.; Kikuchi, H.; Harashima,
H. Development of a novel systemic gene delivery system for
cancer therapy with a tumor-specific cleavable PEG-lipid. Gene
Ther. 2007, 14 (1), 68-77.

(58) Lavasanifar, A.; Samuel, J.; Kwon, G. S. Poly(ethylene oxide)-
block-poly(L-amino acid) micelles for drug delivery. Adv. Drug
Delivery Rev. 2002, 54 (2), 169-190.
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vascular system at tumor sites does not have a normal barrier
function due to the abnormal structure.””

The selective and efficient drug delivery by the actively
targeting nanocarriers has been demonstrated in numerous
studies in vitro and/or in vivo. Table 1 summarizes selected
examples showing the effectiveness of the active targeting
strategy. A variety of targeting molecules have been chosen
to demonstrate the multitude of molecular options. These
results show that active targeting nanocarriers can more
effectively bind, enter, and kill tumor cells than nontargeted
nanocarriers.

Since targeting molecule—drug conjugates achieve high
levels of biodistribution in tumors,®° % the same may be
expected for the targeted nanocarriers.'®® Recent studies

(59) Ozawa, M. G.; Zurita, A. J.; Dias-Neto, E.; Nunes, D. N.;
Sidman, R. L.; Gelovani, J. G.; Arap, W.; Pasqualini, R. Beyond
Receptor Expression Levels: The Relevance of Target Acces-
sibility in Ligand-Directed Pharmacodelivery Systems. Trends
Cardiovasc. Med. 2008, 18 (4), 126—133.

(60) Voss, S. D.; Smith, S. V.; DiBartolo, N.; Mclntosh, L. J.; Cyr,
E. M.; Bonab, A. A.; Dearling, J. L. J.; Carter, E. A.; Fischman,
A. J; Treves, S. T.; Gillies, S. D.; Sargeson, A. M.; Huston,
J. S.; Packard, A. B. Positron emission tomography (PET)
imaging of neuroblastoma and melanoma with 64Cu-SarAr
immunoconjugates. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (44),
17489-17493.

(61) Mandler, R.; Kobayashi, H.; Hinson, E. R.; Brechbiel, M. W.;
Waldmann, T. A. Herceptin-Geldanamycin Immunoconjugates:
Pharmacokinetics, Biodistribution, and Enhanced Antitumor
Activity. Cancer Res. 2004, 64 (4), 1460-1467.

(62) Low, P. S.; Henne, W. A.; Doorneweerd, D. D. Discovery and
Development of Folic-Acid-Based Receptor Targeting for Imag-
ing and Therapy of Cancer and Inflammatory Diseases. Acc.
Chem. Res. 2007, 41 (1), 120-129.

(63) ElBayoumi, T. A.; Torchilin, V. P. Tumor-Specific Anti-
Nucleosome Antibody Improves Therapeutic Efficacy of Doxo-
rubicin-Loaded Long-Circulating Liposomes against Primary and
Metastatic Tumor in Mice. Mol. Pharmaceutics 2009, 6 (1), 246—
254.

(64) Bartlett, D. W.; Su, H.; Hildebrandt, 1. J.; Weber, W. A.; Davis,
M. E. Impact of tumor-specific targeting on the biodistribution
and efficacy of siRNA nanoparticles measured by multimodality
in vivo imaging. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (39),
15549-15554.

(65) Gabizon, A.; Horowitz, A. T.; Goren, D.; Tzemach, D.; Shmeeda,
H.; Zalipsky, S. In vivo fate of folate-targeted polyethylene-
glycol liposomes in tumor-bearing mice. Clin. Cancer Res. 2003,
9 (17), 6551-6559.

(66) Xiong, X. B.; Huang, Y.; Lu, W. L.; Zhang, X.; Zhang, H.; Nagai,
T.; Zhang, Q. Intracellular delivery of doxorubicin with RGD-
modified sterically stabilized liposomes for an improved anti-
tumor efficacy: in vitro and in vivo. J. Pharm. Sci. 2005, 94 (8),
1782-1793.

(67) Xiong, X. B.; Huang, Y.; Lu, W. L.; Zhang, H.; Zhang, X.;
Zhang, Q. Enhanced intracellular uptake of sterically stabilized
liposomal Doxorubicin in vitro resulting in improved antitumor
activity in vivo. Pharm. Res. 2005, 22 (6), 933-939.

(68) ElBayoumi, T. A.; Torchilin, V. P. Tumor-Targeted Nanomedi-
cines: Enhanced Antitumor Efficacy In vivo of Doxorubicin-
Loaded, Long-Circulating Liposomes Modified with Cancer-
Specific Monoclonal Antibody. Clin. Cancer Res. 2009, 15 (6),
1973-1980.

report mixed results. A number of studies found that the
targeting ligands did not improve the tumor disbribution of
nanocarriers.*>*%47%7 A study comparing immunoliposomes
and nontargeted liposomes showed that biodistribution of the
two liposomes was similar.” Epidermal growth factor receptor
(EGFR)-targeted immunoliposomes were injected intrave-
nously to mice bearing EGFR-overexpressing tumors, and
their biodistribution was compared with that of PEGylated
(nontargeted) liposomes.” The antibodies did not increase
the amount of liposomes at the tumor site nor did it shorten
the time for the nanocarriers to reach the target tissues.’
Another example shows that HER2-targeted immunolipo-
somes had no difference in biodistribution or tumor ac-
cumulation time versus nontargeted liposomes.* Bartlett et
al. reported a similar observation.®* Transferrin receptor
(TfR)-targeted nanoparticles were created by labeling trans-
ferrin to nanoparticles consisting of cyclodextrin-containing

(69) Hu, Z. Y.; Luo, F.; Pan, Y. F.; Hou, C.; Ren, L. F.; Chen, J. J.;
Wang, J. W.; Zhang, Y. D. Arg-Gly-Asp (RGD) peptide
conjugated poly(lactic acid)-poly(ethylene oxide) micelle for
targeted drug delivery. J. Biomed. Mater. Res. Part A 2008, 85A
(3), 797-807.

(70) Yang, T.; Choi, M. K.; Cui, F. D.; Lee, S. J.; Chung, S. J.; Shim,
C. K;; Kim, D. D. Antitumor effect of paclitaxel-loaded
PEGylated immunoliposomes against human breast cancer cells.
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Table 1. Examples of Nanocarriers Employing the Active Targeting Strategy

platform

targeting molecule

results

PEGylated liposomes

PEGylated liposomes

PEGylated liposomes

PEGylated liposomes

PEGylated liposomes

PEGylated liposomes

PLGA nanoparticles

PLGA nanoparticles
PLGA nanoparticles

poly(e-caprolactone)-poly(ethyl
ethylene phosphate) micelle

poly(lactic acid)-poly(ethylene
oxide) micelle

poly(p,L-lactic-co-glycolic
acid)-poly(ethylene glycol)
micelle

cyclodextrin-containing
polycations and siRNA

nucleosome-specific
monoclonal antlbody
20563 ,107.

anti-HER2 monoclonal
antibody fragments*1°®

thiolated herceptin®7°

folate®®

epidermal growth factor
receptor (EGFR)®

Arg-Gly- Asg (RGD)
peptide®®

monoclonal antibody to
cytokeratin of MCF-7
human breast cancer
cells™

folate™"

prostate-specific membrane

antigen (]PSMA sgecmc
aptamer

galactosamine*®

Arg-Gly- Asp (RGD)
peptide®®

folate”" 114

transferrin®*

In vitro: Targeted liposomes encapsulating doxorubicin showed 2.3
times (in murine Lewis lung carcinoma cell line) or 1.6 times (in
human mammary adenocarcinoma cell line) higher cytotoxicity than
nonspecific IgG-modified liposomes at a doxorubicin level of 100
ug/mL."°” The ICs, values of targeted liposomes in various murine
and human cell lines were 5—8-fold lower than those of control
liposomes (PEGylated or modified with nonspecific 1gG)."*®

In vivo: Targeted liposomes showed 2—3 times higher tumor
accumulation than nonspecific IgG-conjugated or plain liposomes in
nude mouse models of murine LeW|s lung carcinoma (LLC)®® or
murine breast adenocarcinoma,®® by whole body gamma-
scintigraphic imaging. Antitumor activity of the targeted liposomes
(with doxorubicin) was superior to those of plain or nonspecific
IgG-conjugated liposomes in LLC model,®® murine breast
adenocarcinoma, murine colon cancer, and human prostate cancer
models.®®

In vivo: Both targeted and nontargeted liposomes achieved similar
levels of tumor tissue accumulation in a nude mouse model of
HER2- overexpressmg breast cancer (BT-474), measured by
radioactivity counting.* Targeted liposomes were found within tumor
cells, whereas nontargeted ones were predominantly in extracellular
stroma and macrophages. Targeted liposomes were found in the
extracellular stroma and macrophages in non-HER2-overexpressing
breast cancer (MCF-7) model. Targeted liposomes containing
doxorublcm achleved superior antitumor efficacy over nontargeted
liposomes. ™

In vitro: Targeted liposomes achieved higher cellular uptake than plain
PEGylated liposomes in HER2-overexpressing breast cancer cell
lines (SK-BR-3, and BT-474) but not in low HER2-expressing cells
(MDA-MB- -231).%

In vivo: Targeted liposomes containing paclitaxel showed a higher ratio
of tumor to plasma drug concentrations (T/P ratio) than nontargeted
liposomes in HER2-overexpressing breast carcinoma model (BT-474)
but not in low HER2-expressing model (MDA-MB-231).7° Targeted
liposomes containing paclitaxel achieved higher antltumor efficacy
than the nontargeted liposomes in the BT-474 model.”

In vivo: Targeted liposomes showed similar tumor accumulation as
nontargeted liposomes in BALB/c mice with high folate receptor
(FR)-expressing tumors (mouse M109, human KB carcinomas),
measured by radioactivity counting.®®

In vivo: Total tumor accumulations of targeted and nontargeted
liposomes were similar in a nude mouse model of
EGFR-overexpressing MDA-MB-468 tumor, measured by radioactivity
counting. Targeted liposomes internalized in the tumor cells efficiently
(92% of analyzed cells) unlike nontargeted liposomes (<5%) in a
nude mouse model of U87 glioblastoma (EGFR variant). Targeted
liposomes (containing doxorubicin, epirubicin, or vinorelbine)
achieved higher antitumor effects than nontargeted liposomes.®

In vivo: Targeted liposomes and nontargeted liposomes showed similar
drug accumulatlon in tumors in a nude mouse model of murine B16
melanoma.®®®” Targeted liposomes containing doxorubicin had
higher antitumor effect than nontargeted liposomes.®-¢”

In vitro: Targeted nanoparticles entered specifically to MCF-10A neoT
human breast epithelial cells, in a coculture of MCF-10A neoT and
Caco-2 cells whereas nontargeted particles were distributed
randomly."'®

In vitro: Targeted nanoparticles entered KB (FR- overexpressing) more
efficiently than nontargeted particles.""’

In vitro: Targeted nanoparticles entered in LNCaP (PSMA expressing)
but not PC3 (PSMA-deficient) prostate cancer cells.”®

In vivo: When optimally formulated, targeted nanoparticles achieved
higher tumor accumulation than nontargeted7part|cles in a BALB/c
mouse model of LNCaP prostate cancer.

In vitro: Targeted micelles showed superior cell binding, uptake, and
paclitaxel delivery over the HepG2 (asialoglycoprotein
receptor-expressing) cells.''®

In vivo: Targeted micelles showed higher tumor accumulation than
nontargeted micelles in a nude mouse model of MDA-MB-435 breast
tumor, measured by radioactivity counting. Targeted micelles carrying
pachtaxel Jwere more effective in tumor regression than nontargeted
micelles.®

In vivo: Targeted micelles carrying doxorubicin showed higher drug
concentration in tumor and higher antitumor effect than nontargeted
micelles in a nude mouse model of KB human squamous cell
carcinoma.”

In vivo: Both targeted and nontargeted nanoparticles exhibited similar
biodistribution and tumor localization by PET in an immunodeficient
mouse model of Neuro2A-Luc cell tumor. Targeted nanoparticles
showed 50% higher gene silencing in tumor than nontargeted ones.®*

polycations and small-interfering RNA (siRNA).
emission tomography (PET) of **Cu-labeled nanoparticles
showed that both nontargeted and targeted exhibited similar
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biodistribution and tumor localization.®* These observations
indicate that the biodistribution of the targeted nanocarriers
in tumors is mostly governed by the EPR effect rather than
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the interaction between the targeted nanocarriers and the
target cells. In line with this interpretation, Gabizon et al.
showed that coadministration of free folate had a negligible
effect on the tumor deposition of folate receptor (FR)-targeted
liposomes,®> suggesting that the interaction of the liposomes
with tumor cells did not play a critical role in their
biodistribution. On the other hand, Torchilin et al. recently
reported that the nucleosome-targeted immunoliposomes
showed 2—3 times higher tumor accumulation than nonspe-
cific IgG-conjugated or plain liposomes in murine carcinoma
models using the whole body gamma-scintigraphic imag-
ing.®*%® Several other groups have also reported higher tumor
distribution of targeted nanocarriers as compared to nontar-
geted ones.® !

Notably, the former group of studies suggests that the
targeting molecules play a role after the nanocarriers are
distributed in the tumor tissues. Although the tumor distribu-
tions of targeted and nontargeted nanocarriers were similar,
only targeted nanocarriers could efficiently enter the tumor
cells from the extracellular space (Figure 1). Studies using
colloidal gold-labeled liposomes show that the HER2-
targeted immunoliposomes accumulated within tumor cells,
whereas nontargeted liposomes were located predominantly
in the extracellular matrix.* Similarly, the extent to which
the EGFR-targeted immunoliposomes were found inside the
tumor cells was 6-fold higher than that of nontargeted
liposomes.” In another example, where FR-targeted lipo-
somes were injected intravenously to mice with ascitic
lymphoma, the overall accumulation of FR-targeted lipo-
somes in ascites was somewhat lower than that of the
nontargeted ones, but the fraction of FR-targeted liposomes
associated with tumor cells was much higher compared to
nontargeted liposomes.** The increased cellular uptake of
targeted nanocarriers was also demonstrated with the TfR-
targeted nanoparticles carrying siRNA.®* Cellular uptake of
the nanoparticles was estimated from the gene-silencing
effect of the siRNA. The activity of reporter gene product
(luciferase) in mice treated with TfR-targeted nanoparticles
was 50% lower as compared to nontargeted nanoparticles,
indicating more efficient entry of the targeted nanoparticles
into the tumor cells.®* In li ght of these results, the difference
between targeted and nontargeted nanocarriers in tumor
distribution observed by other studies®***~"! can be inter-
preted alternatively. The superior tumor accumulation of
targeted nanocarriers may be another reflection of their
efficient entry to the tumor cells following extravasation. A
study comparing antitumor effects of intratumorally injected
nanoparticles implies that the nontargeted particles could be
cleared from the tumor sites unless they were subsequently
taken up by the cells.”? Since both targeted and nontargeted
nanoparticles were directly injected to the tumors, their initial
distributions in tumors would have been comparable. How-
ever, the nontargeted nanoparticles were inferior to the
targeted ones in antitumor effect, suggesting that the non-
targeted particles were cleared from the tumor sites due to
the lack of cellular uptake.”” Therefore, the difference
between targeted and nontargeted nanocarriers in tumor

distribution®>**~"! may be viewed as a result of efficient

cellular entry and intracellular retention of the targeted
nanocarriers rather than tissue-specific distribution of the
carriers. Here, the role of the targeting ligand would be to
prevent potential clearance of the nanocarriers (e.g., re-entry
to the bloodstream) from the tumor tissues rather than to
increase “recognition” of the targeted sites during circulation.

The active targeting strategy is also not without limitations.
First, the targeting molecules can expose the nanocarriers
to the RES system during the circulation,*¢6%:68.73.74
Aptamers, or small fragments of RNA or DNA, have been
used as a targeting molecule due to their small size and lack
of immune response.”> Aptamers fold into shapes that induce
high binding specificity to their target molecules.”” An in
vitro study shows high nanoparticle uptake in targeted cells,
approximately 40%, when the nanoparticles were conjugated
to the aptamers.’® Cells without the specific antigen showed
very little nanoparticle uptake, approximately 5%.”° Particles
with nonfunctional aptamer showed ~5% uptake whether
the cells express the specific antigen or not.”® However, in
vivo, the nanoparticles showed very little tumor accumulation
compared with accumulation in the liver and spleen.”® Only
1.5—2% of injected dose per gram (IDPG) accumulated at
the tumor site while 30—60% of IDPG accumulated in the
liver.”® The accumulation in the spleen ranged from 10% to
30%."® Another study showed significant accumulation of
aptamer-conjugated PEG/PLGA nanoparticles in the spleen.”’
The IDPG in the spleen was over 60% while the tumor
accumulation was only approximately 2%.”” The high
accumulation of the nanocarriers in the RES organs (liver,
spleen) would be undesirable unless they are the intended
targets, because the anticancer drugs may potentially damage
the RES organs and/or be destroyed before they reach the
tumor. Second, while the long circulation time is critical for
selective distribution of the nanocarriers at the tumor sites,
the recognition of the targeted nanocarriers by the RES
expedites clearance of the nanocarriers during circula-
tion.>#>:63:65768 The addition of antibodies on the surface
appears to compromise the shielding effect of the PEG
layer.*® These limitations may partly explain the lack of
active targeting nanocarriers currently approved by the
FDA."®

Active targeting strategy improves the anticancer effect
of a drug by facilitating cellular uptake and intracellular
retention of the drug carriers. In particular, the active
targeting strategy is a promising tool for overcoming the
multidrug resistance, for which the passively targeted nano-
carriers do not much avail,*® as the actively targeted
nanocarriers can provide an intracellular drug reservoir. On
the other hand, tumor distribution of the targeted nanocarriers
is largely governed by the same principle as nontargeted
nanocarriers (the EPR effect) and the targeting molecules
do not seem to play a role until the carriers reach the target
tissues.Therefore, an ideal nanocarrier should attain both the
EPR effect and the specific and avid interactions between
the targeted nanocarriers and tumors, which will lead to
maximum tumor distribution and cellular uptake of the
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Figure 2. Schematic representation of an “extracellularly activated nanocarrier.” The nanocarrier maintains the stealth
function during circulation (passive targeting). Upon arrival at the tumor sites, the nanocarriers transform to release
the drug or interact with cells in a target-specific manner (active targeting). Such transformation can be triggered by
the unique tumoral extracellular environment such as slightly acidic pH or a high level of proteinases.

nanocarriers, respectively. To this end, it is critical to design
a nanocarrier system that is “maximally targeted and
maximally stealth.””®

Tumor Targeting via Extracellular Activation
of Nanocarriers: A New Paradigm of
Tumor-Targeted Drug Delivery

Some of the recently reported targeting strategies have
good potential to achieve both passive and active targeting
effects. These strategies aim to create nanocarriers that
maintain the stealth property during circulation (passive
targeting) and then transform to a more cell-interactive form
(active targeting) upon arrival at the target tumor sites (Figure
2). These nanocarriers will be referred to as “activatable” or
“activated” nanocarriers hereafter.

These new targeting strategies explore the unique tumoral
extracellular environment as a means to trigger such trans-
formation. Tumors develop unique microenvironments such
as slightly acidic pH’® and a high level of proteinases.”® The
tumor extracellular pH is generally more acidic (pH 6.5 to
7.27%), due to the increased glycolysis and plasma membrane
proton-pump activity of tumor cells, which make them
produce more lactic acid than normal cells and leach out
the acid to the extracellular milieu.*>3' The overproduction
of enzymes such as the matrix metalloproteinases (MMPs)
is also common in most tumors, because MMPs are important
for angiogenesis, metastasis, and other extracellular signaling
events involved in tumor propagation.”” MMP overexpres-
sion has been explored as a way of “turning on” imaging
agents and locating tumors or other lesions.®* ®® The
subsequent section will discuss nanocarriers that can be

(80) Montcourrier, P.; Silver, 1.; Farnoud, R.; Bird, I.; Rochefort, H.
Breast cancer cells have a high capacity to acidify extracellular
milieu by a dual mechanism. Clin. Exp. Metastasis 1997, 15
(4), 382-392.

(81) Swallow, C. J.; Grinstein, S.; Rotstein, O. D. A vacuolar type
H(+)-ATPase regulates cytoplasmic pH in murine macrophages.
J. Biol. Chem. 1990, 265 (13), 7645-7654.

(82) Mok, H.; Bae, K. H.; Ahn, C.-H.; Park, T. G. PEGylated and
MMP-2 Specifically DePEGylated Quantum Dots: Comparative
Evaluation of Cellular Uptake. Langmuir 2009, 25 (3), 1645—
1650.
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activated by pH or enzyme activity specific to the tumoral
extracellular environment based on recently reported ex-
amples. Some of the pH-activated systems are also discussed
in a recent review by Bae et al.®’

pH-Activated Systems. A pH-responsive micelle system
was developed using a poly(lactic acid)-b-PEG-b-poly(L-
histidine) (PLA-b-PEG-b-polyHis) triblock copolymer.®” This
polymer has a pK, of 7.0 and forms a “flowerlike” micelle
(~80 nm) with the PEG “petal” and the core consisting of
PLA and polyHis (entrapping a hydrophobic drug) in water
of pH 8. Below pH 7, the polyHis part is protonated, allowing
the core to swell and release the drug.’’ Theoretically this
system is supposed to remain a stable micelle that carries a
drug in the core during circulation and then release the drug
at once when it reaches the weakly acidic extracellular matrix
of the tumors.”” One potential limitation of this system is
that the drug will enter the tumor cells as a free form (not
as an encapsulated form); thus, it may be of limited use for
treating the multidrug resistant tumor cells, which will efflux
the free drug efficiently. This limitation is addressed by
introducing a fragment of transactivating transcriptional
activator protein (TAT peptide) in the system,®® which is
discussed later in this section.

(83) Lee, S.; Park, K.; Lee, S.-Y.; Ryu, J. H.; Park, J. W.; Ahn, H. J.;
Kwon, I. C.; Youn, I.-C.; Kim, K.; Choi, K. Dark Quenched
Matrix Metalloproteinase Fluorogenic Probe for Imaging Os-
teoarthritis Development in Vivo. Bioconjugate Chem. 2008, 19
(9), 1743-1747.

(84) Scherer, R. L.; VanSaun, M. N.; Mclntyre, J. O.; Matrisian, L. M.
Optical imaging of matrix metalloproteinase-7 activity in vivo
using a proteolytic nanobeacon. Mol. Imaging 2008, 7 (3), 118—
131.

(85) Wunder, A.; Tung, C. H.; Muller-Ladner, U.; Weissleder, R.;
Mahmood, U. In vivo imaging of protease activity in arthritis: a
novel approach for monitoring treatment response. Arthritis
Rheum. 2004, 50 (8), 2459-2465.

(86) Weissleder, R.; Tung, C. H.; Mahmood, U.; Bogdanov, A., Jr.
In vivo imaging of tumors with protease-activated near-infrared
fluorescent probes. Nat. Biotechnol. 1999, 17 (4), 375-378.

(87) Lee, E. S.; Gao, Z.; Bae, Y. H. Recent progress in tumor pH
targeting nanotechnology. J. Controlled Release 2008, 132 (3),
164-170.
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Another example of pH-responsive system is a micelle
based on methyl ether poly(ethyleneglycol)-poly(S-amino
ester) block copolymer, in which the methyl ether poly(eth-
yleneglycol) (MPEG) part forms a hydrophilic shell and the
poly(B-amino ester) a hydrophobic core.®* Poly(3-amino
ester) has a pK, of ~6.5 and allows formation of micelles
(40—60 nm) at pH >6.9.5° At pH 6.4 the micelles released
>71% of the drug in 6 h, whereas those at pH 7.4 did not
release more than 20% in 24 h.* The in vivo study in
B16F10 tumor-bearing mice showed that the micelles
delivering doxorubicin effectively suppressed tumor growth
and prolonged the survival as compared to free doxorubi-
cin.®® However, whether the pH-responsiveness contributed
to the effectiveness (i.e., whether the antitumor efficacy is
attributed to the passive targeting effect or the “activated”
targeting effect) is not known, because it was not compared
with a pH-insensitive system.

A nanocarrier system based on glycol chitosan® may be
considered as an example of the activatable nanocarriers. A
hydrophobically modified glycol chitosan (HGC) could
encapsulate hydrophobic drugs such as camptothecin (CPT)
by forming nanosized self-aggregates (280—330 nm) in
aqueous media.’® Significant tumor accumulation of HGC
was observed as compared to those in the liver, lung, kidney,
spleen, and heart tissue, with whole-body near-infrared (NIR)
fluorescence imaging: approximately 2 to 3 times more
nanocarriers accumulated at the tumor site than at the other
organs.” Moreover, the CPT-HGC nanoparticles exhibited
significant antitumor effects and high tumor targeting ability
in nude mice bearing MDA-MB231 human breast cancer
xenografts. The high tumor accumulation and antitumor
effect were attributed to the stealth function and efficient
cellular uptake of the HGC particles. While the authors did
not explicitly mention, the significant tumor accumulation®
and cellular uptake®' may be explained by the chitosan’s

(88) Lee, E. S.; Gao, Z.; Kim, D.; Park, K.; Kwon, I. C.; Bae, Y. H.
Super pH-sensitive multifunctional polymeric micelle for tumor
pH(e) specific TAT exposure and multidrug resistance. J.
Controlled Release 2008, 129 (3), 228-236.

(89) Ko, J.; Park, K.; Kim, Y. S.; Kim, M. S.; Han, J. K.; Kim, K.;
Park, R. W.; Kim, I. S.; Song, H. K.; Lee, D. S.; Kwon, I. C.
Tumoral acidic extracellular pH targeting of pH-responsive
MPEG-poly (beta-amino ester) block copolymer micelles for
cancer therapy. J. Controlled Release 2007, 123 (2), 109-115.

(90) Min, K. H.; Park, K.; Kim, Y. S.; Bae, S. M.; Lee, S.; Jo, H. G.;
Park, R. W.; Kim, L. S.; Jeong, S. Y.; Kim, K.; Kwon, I. C.
Hydrophobically modified glycol chitosan nanoparticles-encap-
sulated camptothecin enhance the drug stability and tumor
targeting in cancer therapy. J. Controlled Release 2008, 127 (3),
208-218.

91) Cho, Y. W.; Park, S. A.; Han, T. H.; Son, D. H.; Park, J. S.;
Oh, S. J.; Moon, D. H.; Cho, K. J.; Ahn, C. H.; Byun, Y.; Kim,
I. S;; Kwon, I. C;; Kim, S. Y. In vivo tumor targeting and
radionuclide imaging with self-assembled nanoparticles: Mech-
anisms, key factors, and their implications. Biomaterials 2007,
28 (6), 1236-1247.

pK, of 6.5.°2 Due to the pK,, the HGC particles can remain
un-ionized at pH 7.4 (serving as a stealth polymer) and
protonate at the slightly acidic tumoral extracellular matrix
(enhancing cellular uptake of the particles).

A liposome system reported by Sawant et al.”® utilizes a
pH-sensitive linker to achieve pH-responsive transformation
from the stealth liposome to a cell-interactive form. This
system includes a PEG layer attached to the liposome surface
via a hydrazone linker, which cleaves at pH 5—6. The
liposome surface is also conjugated to TAT peptide, which
is shielded by the PEG layer at pH 7.4. At pH 5—6, the
PEG layer detaches revealing the TAT peptide as the
hydrazone linker hydrolyzes. A preliminary incubation of
the pH-sensitive liposomes at pH 5 allowed the liposomes
to enter the cells efficiently, whereas the pH-insensitive
liposomes were much less efficient.”® The limitation of this
study is that the pH-responsiveness is shown at pH 5, which
may be much lower than the pH of the tumoral extracellular
matrix. However, the proof of principle is applicable for
developing a new nanocarrier system that can be activated
at a more realistic pH range.

A similar strategy is described in a study reporting a TAT
peptide-based micelle system.”* A polymeric micelle with
TAT peptide termini (TAT micelle) is first created using a
block copolymer of poly(L-lactic acid) (PLLA) and poly-
ethylene glycol (PEG) (PLLA-b-PEG) conjugated to the TAT
peptide.” The TAT micelle is then mixed with a diblock
copolymer of poly(methacryloyl sulfadimethoxine) (PSD)
and PEG (PSD-b-PEG), which adds an extra PEG layer on
the micelle via the electrostatic interaction between TAT
peptide (cationic) and PSD (anionic at pH >7.0). At pH 6.6,
the PSD part turns to the un-ionized form. As a result, the
micelle loses the PSD-b-PEG layer and reveals the TAT
peptide termini (returns to the TAT micelle), which enhances
the cellular uptake of the micelle. This micelle system is
potentially capable of retaining the PEG layer during
circulation and revealing the TAT peptide in a tumor-specific
manner. A variant of this system employs poly(L-cystine
bisamide-g-sulfadiazine) (PCBS) instead of PSD, in an
attempt to overcome the nonbiodegradability issue of PSD.”>

The aforementioned flowerlike micelle®’ was used in
conjunction with biotin?® or TAT peptide®® to facilitate

(92) Liu, W. G.; Sun, S. J.; Cao, Z. Q.; Xin, Z.; Yao, K. D.; Lu,
W. W.; Luk, K. D. K. An investigation on the physicochemical
properties of chitosan/DNA polyelectrolyte complexes. Bioma-
terials 2005, 26 (15), 2705-2711.

(93) Sawant, R. M.; Hurley, J. P.; Salmaso, S.; Kale, A.; Tolcheva,
E.; Levchenko, T. S.; Torchilin, V. P. “SMART” drug delivery
systems: Double-targeted pH-responsive pharmaceutical nano-
carriers. Bioconjugate Chem. 2006, 17 (4), 943-949.

(94) Sethuraman, V. A; Bae, Y. H. TAT peptide-based micelle system
for potential active targeting of anti-cancer agents to acidic solid
tumors. J. Controlled Release 2007, 118 (2), 216-224.

(95) Sethuraman, V.; Lee, M.; Bae, Y. A Biodegradable pH-sensitive
Micelle System for Targeting Acidic Solid Tumors. Pharm. Res.
2008, 25 (3), 657-666.

(96) Lee, E. S.; Na, K.; Bae, Y. H. Super pH-sensitive multifunctional
polymeric micelle. Nano Lett. 2005, 5 (2), 325-329.
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cellular uptake of nanocarriers upon extracellular activation.
The micelle is made of a blend of two block copolymers:
polyHis*-b-PEG and PLA-b-PEG-b-polyHis**-biotin®® (or
PLA-b-PEG-b-polyHis**-TAT®*®). Here, the micelle core
consists of polyHis* and PLA from each polymer, and the
shell is PEG, either in the form of straight chain or petal. At
pH 7.4, the polyHis** of the PLA-b-PEG-b-polyHis**-biotin
(or TAT) is un-ionized and stays associated with the
polyHis*/PLA core, pulling the biotin (or TAT) termini close
to the core and hiding them from the surface. Below pH
7.2, ionization of the polyHis** causes the PEG petal to
expand, exposing the biotin (or TAT) on the micelle surface.
This transformation enhanced cellular uptake of the micelles
specifically at the pH lower than 7.2. Further pH decrease
in the endosomes caused dissociation of micelles and
intracellular release of encapsulated drugs.”® Notably, the
pH-activated TAT-micelle carrying doxorubicin was effective
in killing both drug-sensitive and resistant cells. Antitumor
activity and tumor accumulation of the pH-activated TAT-
micelle were superior to those of a control micelle, which
exposes TAT on the surface at all pHs.*®

Enzymatically Activated Systems. Using enzyme over-
production is another way of activating the nanocarriers in
a tumor-specific manner. A drug—polymer conjugate was
created by conjugating methotrexate to dextran via a peptide
linker that could be cleaved by MMP-2 and MMP-9.%7~%°
The biodistribution study shows that the drug—polymer
conjugate achieves a tumor-targeting effect via the EPR
effect.”® The tumor distribution of the drug—polymer con-
jugate with a MMP-sensitive linker was not significantly
different from that of an MMP-insensitive drug—polymer
conjugate, suggesting that the MMP did not play a major
role in tumor-targeted drug delivery. A potential reason
would be that the endocytic uptake of drug—dextran con-
jugate occurred before the linker was cleaved by the
enzyme.”® It remains to be seen whether the enzymatic
cleavage would occur prior to the uptake in much larger
systems like nanocarriers as well, which may not enter the
cells as fast as drug—dextran conjugates. Both MMP-
sensitive and MMP-insensitive conjugates showed superior
antitumor efficacy over free drug in the tumor models
overexpressing MMPs.”> On the other hand, the MMP-

(97) Chau, Y.; Tan, F. E.; Langer, R. Synthesis and Characterization
of Dextran-Peptide-Methotrexate Conjugates for Tumor Target-
ing via Mediation by Matrix Metalloproteinase II and Matrix
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941.
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insensitive conjugate had severe systemic toxicity due to the
unanticipated susceptibility of the peptide linker at the normal
tissues.”

A liposomal gene carrier reported by Hatakeyama et al.
also employs an MMP-sensitive peptide linker.”” The MMP-
sensitive peptide was used to link PEG to 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE).”’ The ternary con-
jugate of PEG—peptide—phospholipid formed a PEGylated
liposome, from which the PEG was removed upon exposure
to MMPs. The MMP-sensitive liposomes showed signifi-
cantly higher gene transfection efficiency than MMP-
insensitive liposomes in in vitro cell models overexpressing
MMPs. In an in vivo study, the MMP-sensitive liposomes
achieved prolonged circulation, resulting in 9—15 times
higher AUC values due to the PEG on the surface than that
of non-PEGylated liposomes. When MMP-sensitive and
MMP-insensitive liposomes with equivalent PEG were
compared for the in vivo gene expression per liposomes
accumulated in the MMP-overexpressing tumors, the MMP-
sensitive ones showed three times higher gene transfection
efficiency than the MMP-insensitive ones. This result
indicates that the MMPs overexpressed in the tumor extra-
cellular matrix successfully removed the PEG from the
liposomes and facilitated cellular uptake of the liposomes.>’

Concluding Remarks

Extensive efforts to improve the effectiveness and safety
of chemotherapy have brought about several tumor-targeted
drug-delivery strategies. In particular, the leaky vasculature
and impaired lymphatic system at the tumor tissues provided
a unique opportunity to achieve tumor-selective distribution
of nanocarriers. Moreover, the targeting molecules, such as
antibodies, small molecular weight ligands, or aptamers,
attached to the surface of nanocarriers contributed to drug
delivery to the tumors by enabling the nanocarriers to more
actively bind to specific tumor cells after extravasation.
However, the stealth effect, which is necessary for selective
tumor distribution of nanocarriers, and the rargeting effect,
which is needed for efficient entry to the target cells after
tumor distribution, are hard to achieve simultaneously, often
requiring a laborious effort to find the narrow window of
“maximally targeted and maximally stealth” formulations.

Although in the early stage, recent efforts to create new
nanocarriers that retain the stealth effect during circulation
and transform to a cell-interactive form at the tumor site show
good potential to achieve this goal. These strategies employ
the unique tumoral extracellular environment, such as weakly
acidic pH or overexpressed proteinases, as a molecular cue
to activate the nanocarriers. For effective translation of in
vitro proof of concept to in vivo efficacy, the following
aspects should be considered. First, the activatable nanocar-
riers should have an optimal stability profile. Tumor-specific
transformation of nanocarriers often results in destabilization
of the nanocarriers (e.g., micelles, liposomes), which leads
to burst-release of the drug at the extracellular matrix. These
systems would have limited utility in overcoming multidrug
resistance, for which cellular uptake of the nanocarriers and
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formation of an intracellular drug reservoir would be highly
desirable. The destabilization of nanocarriers may be related
to the inherent instability of the self-assembled systems,
which has been recently observed by in wvivo Forster
resonance energy transfer imaging.'% In this regard, poly-
meric nanoparticles may be considered as an alternative
vehicle. On the other hand, if the nanoparticle is too stable,
it may be limited in releasing sufficient drug inside the cells.
Ideally, an activatable nanocarrier should remain stable
during circulation and extracellular activation; once taken
up by the cells, it should readily release the drug according
to the spatiotemporal needs. To this end, intracellularly
degradable polymers, which have gained increasing interest
in nonviral gene delivery,'' ' may be taken into consid-
eration in designing new nanocarriers. Second, the transition
from the stealth nanocarriers to the cell-interactive forms
needs to be tumor-specific and sensitive to the stimuli so
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that the carriers may not prematurely interact with normal
cells and/or release drugs outside the target tissues. Further
understanding of unique physicochemical and biological
features of the tumor extracellular environment and develop-
ment of stimuli-responsive materials would provide new
opportunities for more efficient tumor-targeted nanocarriers.
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