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Nanoparticle therapeutics:
an emerging treatment modality
for cancer
Mark E. Davis*, Zhuo (Georgia) Chen‡ and Dong M. Shin‡

Abstract | Nanoparticles — particles in the size range 1–100 nm — are emerging as a class
of therapeutics for cancer. Early clinical results suggest that nanoparticle therapeutics can
show enhanced efficacy, while simultaneously reducing side effects, owing to properties
such as more targeted localization in tumours and active cellular uptake. Here, we
highlight the features of nanoparticle therapeutics that distinguish them from previous
anticancer therapies, and describe how these features provide the potential for
therapeutic effects that are not achievable with other modalities. While large numbers of
preclinical studies have been published, the emphasis here is placed on preclinical and
clinical studies that are likely to affect clinical investigations and their implications for
advancing the treatment of patients with cancer.

*Chemical Engineering,
California Institute of
Technology, Pasadena,
California 91125, USA.
‡
Winship Cancer Institute,
Emory School of Medicine,
Atlanta, Georgia 30322,
USA.
Correspondence to M.E.D.
e-mail:
mdavis@cheme.caltech.edu
doi:10.1038/nrd2614

Nanoparticle therapeutics are typically particles comprised of therapeutic entities, such as small-molecule
drugs, peptides, proteins and nucleic acids, and components that assemble with the therapeutic entities, such as
lipids and polymers, to form nanoparticles (FIG. 1). Such
nanoparticles can have enhanced anticancer effects compared with the therapeutic entities they contain. This is
owing to more specific targeting to tumour tissues via
improved pharmacokinetics and pharmacodynamics,
and active intracellular delivery (FIG. 1). These properties
depend on the size and surface properties (including the
presence of targeting ligands) of the nanoparticles.
In this Review, we first briefly discuss the key properties of nanoparticles and how they differ from other types
of cancer drugs. Next, we summarize current clinical
uses of first-generation nanoparticle therapeutics and
describe how newer, experimental nanoparticle therapeutics differ from first-generation therapeutics. Finally,
we discuss what is on the near horizon for cancer therapy
that use nanoparticles. Although an enormous amount
of research is ongoing in this area, most will not be translatable to the clinic. Some of the main obstacles include
the use of immunostimulatory components, the use of
components that have barriers to large-scale current
good manufacturing practice (cGMP) production and/
or hurdles in the development of well-defined chemistry,
manufacturing and controls assays. A limited number
of nanoparticle systems have reached a clinical application (or are about to reach this status), and information
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is becoming available to begin to understand some of
the issues of moving these experimental systems into
humans. Thus, our emphasis here is on issues involving the translation of these experimental nanoparticle
therapeutics into the clinic and their application in
clinical settings. Although there are several experimental
approaches utilizing nanoparticles that can be affected
by external stimulation, we focus our attention on systemically administered nanoparticles that do not require
external stimuli.

Key properties of anticancer nanoparticles
Nanoparticle size. It is currently thought that the diameter
of nanoparticle therapeutics for cancer should be in the
range of 10–100 nm. The lower bound is based on the
measurement of sieving coefficients for the glomerular
capillary wall, as it is estimated that the threshold for
first-pass elimination by the kidneys is 10 nm (diameter)1.
The upper bound on size is not as well defined at this
time. The vasculature in tumours is known to be leaky
to macromolecules. The lymph system of tumours in
mouse models is poorly operational and macromolecules leaking from the blood vessels accumulate — a
phenomenon known as “enhanced permeability and
retention (EPR) effect”2. Numerous lines of evidence
suggest that this phenomenon is also operational in
humans. It has been shown that entities in the order of
hundreds of nanometre in size can leak out of the blood
vessels and accumulate within tumours. However, large
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Figure 1 | Major classes of nanoparticles that are in clinical trials and some of their properties. a | Nanoparticles
formed from therapeutic entities and block copolymers that can form polymeric micelles. b | Nanoparticles that form
with polymer–drug conjugates. c | Nanoparticles formed of liposomes. d | Nanoparticles can enter cells via endocytosis.
Nature Reviews | Drug Discovery
This figure shows a transmission electron micrograph of nanoparticles at the surface of a cancer
cell, entering the cell
and within endocytic vesicles. e | Nanoparticles can have extended pharmacokinetics over the therapeutic entity
alone. The data are from a small-molecule drug (CPT) and a nanoparticle containing CPT in rats. Panel (e) is adapted
with permission from reF. 94  Springer (2006).

macromolecules or nanoparticles could have limited
diffusion in the extracellular space3. Experiments from
animal models suggest that sub-150 nm, neutral or
slightly negatively charged entities can move through
tumour tissue4. Additionally, recent data show that nanoparticles in the 50–100 nm size range that carry a very
slight positive charge can penetrate throughout large
tumours following systemic administration5. Thus, welldesigned nanoparticles in the 10–100 nm size range and
with a surface charge either slightly positive or slightly
negative should have accessibility to and within disseminated tumours when dosed into the circulatory system.
If this size range is correct, then these nanoparticles
will be restricted from exiting normal vasculature (that
requires sizes less than 1–2 nm); however they will still
be able to access the liver, as entities up to 100–150 nm
in diameter are able to do so.
Nanoparticle surface properties. Nanoparticles have high
surface-to-volume ratios when compared with larger
particles, and so control of their surface properties is crucial to their behaviour in humans (for example, see reF. 6).
The ultimate fate of nanoparticles within the body can
be determined by the interactions of nanoparticles with
772 | SEPTEMbER 2008 | voluME 7

their local environment, which depends on a combination of size and surface properties. Nanoparticles that
are sterically stabilized (for example by polyethylene
glycol (PEG) polymers on their surface) and have surface charges that are either slightly negative or slightly
positive tend to have minimal self–self and self–non-self
interactions. Also, the inside surface of blood vessels and
the surface of cells contain many negatively charged
components, which would repel negatively charged
nanoparticles. As the surface charge becomes larger
(either positive or negative), macrophage scavenging
is increased and can lead to greater clearance by the
reticuloendothelial system. Thus, minimizing nonspecific
interactions via steric stabilization and control of surface
charge helps to prevent nanoparticle loss to undesired
locations. However, the complete removal of nonspecific
interactions is not currently possible, and so there is
always some particle loss; the key is to minimize these
interactions as much as possible.
If nanoparticle loss could be avoided, it would be
expected that the distribution of the nanoparticles within
a mammal would be uniform if no size restrictions
existed on the basis of thermodynamic considerations.
However, there are numerous size-restricted locations
www.nature.com/reviews/drugdisc
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within the body that would create non-uniformity. For
example, the brain is protected by the blood–brain
barrier, which has severe size and surface property limitations for entrance. by understanding the size and
surface property requirements for reaching specified
sites within the body, localization of nanoparticles to
these sites can be accomplished.
Nanoparticle-targeting ligands. The addition of targeting
ligands that provide specific nanoparticle–cell surface
interactions can play a vital role in the ultimate location of the nanoparticle. For example, nanoparticles
can be targeted to cancer cells if their surfaces contain
moieties such as small molecules, peptides, proteins or
antibodies. These moieties can bind with cancer cellsurface receptor proteins, such as transferrin receptors,
that are known to be increased in number on a wide
range of cancer cells7. These targeting ligands enable
nanoparticles to bind to cell-surface receptors and enter
cells by receptor-mediated endocytosis (FIG. 1). Recent
work comparing non-targeted and targeted nanoparticles
(lipid-based8 or polymer-based9) has shown that the
primary role of the targeting ligands is to enhance cellular uptake into cancer cells rather than increasing the
accumulation in the tumour.
Distinguishing features of nanoparticle therapeutics
for cancer. Nanoparticles can be tuned to provide long
or short circulation times by careful control of size and
surface properties. Also, they can be directed to specific
cell types within target organs (for example, hepatocytes
versus Kupffer cells in the liver10). while other types of
cancer therapeutics such as molecular conjugates (for
example, antibody–drug conjugates) can also meet these
minimum specifications, targeted nanoparticles have
at least five features that distinguish them from other
therapeutic modalities for cancer.
First, nanoparticles can carry a large payload of drug
entity and protect it from degradation. For example, a 70 nm
nanoparticle can contain approximately 2,000 small
interfering RNA (siRNA) molecules11, whereas antibody
conjugates carry fewer than ten12. These high payload
amounts can also be achieved with other drug types
such as small-molecule or peptide drugs. Furthermore,
nanoparticle payloads are located within the particle,
and their type and number do not affect the pharmacokinetic properties and biodistribution of the nanoparticles. This is unlike molecular conjugates in which the
type and number of therapeutic entities conjugated to
the targeting ligand (such as an antibody) significantly
modifies the overall properties of the conjugate.
Second, the nanoparticles are sufficiently large to
contain multiple targeting ligands that can allow multivalent binding to cell-surface receptors13. Nanoparticles
have two parameters for tuning the binding to target
cells: the affinity of the targeting moiety and the density
of the targeting moiety. The multivalency effects can lead
to high effective affinities when using arrangements of
low-affinity ligands13–15. Thus, the repertoire of molecules
that can be used as targeting agents is greatly expanded
as many low-affinity ligands that are not sufficient for
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use as molecular conjugates can now be attached on
nanoparticles to create higher affinity via multivalent
binding to cell-surface receptors (FIG. 2).
Third, nanoparticles are sufficiently large to accommodate multiple types of drug molecules. Numerous
therapeutic interventions can be simultaneously applied
with a nanoparticle in a controlled manner. As mentioned in the first point, the fact that the pharmacokinetic properties of the nanoparticle are not modified
by the amount of the therapeutic also holds true with
multiple types of the therapeutics being combined
together within the nanoparticles.
Fourth, the release kinetics of drug molecules from
nanoparticles can be tuned to match the mechanism of
action. For example, topoisomerase I inhibitors such as
the camptothecin-based chemotherapeutic drugs are
reversible binders of the enzyme. So, the mechanism
of action for camptothecin-based drugs on the topoisomerase I enzyme suggests enhanced efficacy with
prolonged exposure of the drug16, making a slow release
from the nanoparticles most desirable. with siRNA, the
gene inhibition kinetics are greatly influenced by cellcycle times17,18, and for uses in cancer there may not be a
need for slow release of the therapeutic agent.
Fifth, nanoparticles could have the potential to bypass
multidrug resistance mechanisms that involve cell-surface
protein pumps (for example, glycoprotein P), as they
enter cells via endocytosis (FIG. 1 and discussed below).
overall, it seems that controlled combination of these
features through nanoparticle design could minimize
side effects of anticancer drugs while enhancing efficacy,
and clinical results are emerging that suggest that this
promise is starting to be realized. Nanoparticle types and
results from the clinic are summarized below.

Nanoparticles as anticancer agents
Nanoscaled systems for systemic cancer therapy and
their latest stage of development are summarized in
TABLe 1. we have included PEG-containing proteins
and PEG-conjugated small molecules, which, as single
molecules in solution, can be defined as nanoscale therapeutics or as nanoparticles if they have some degree
of polymer–polymer interaction to give assembled
entities with more than one polymer chain contained
within.
liposomes (~100 nm and larger) carrying chemotherapeutic small-molecule drugs have been approved
for cancer since the mid-1990s, and are mainly used to
solubilize drugs, leading to biodistributions that favour
higher uptake by the tumour than the free drug19.
However, liposomes do not provide control for the time
of drug release, and in most cases do not achieve effective
intracellular delivery of the drug molecules19, therefore
limiting their potential to be useful against multidrugresistant cancers.
A representative example shown in TABLe 1 is Doxil
(ortho biotech), a PEG-liposome containing the cytotoxic
drug doxorubicin. Doxil was originally approved for the
treatment of AIDS-related Kaposi’s sarcoma and is now
approved for use in ovarian cancer and multiple myeloma.
This agent circulates in the body as a nanoparticle and has
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Figure 2 | Nanoparticles with numerous targeting ligands can provide multivalent
binding to the surface of cells with high receptor density. When the surface density
of the receptor is low on normal cells, then a molecular conjugate
with a single
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agent and a targeted nanoparticle can compete equally for the receptor as only one
ligand–receptor interaction may occur. However, when there is a high surface density of
the receptor on cancer cells (for example, the transferrin receptor), then the targeted
nanoparticle can engage numerous receptors simultaneously (multivalency) to provide
enhanced interactions over the one ligand–one receptor interaction that would occur
with a molecular conjugate.

Clearance
This is the volume of blood/
plasma cleared of the drug
per time. Lower clearances
are indicative of higher
circulation times.

Neutropaenia
Neutropaenia, usually induced
by chemotherapy, is a
myelosuppression that involves
mainly the neutrophil lineage
of white blood cells. Severe
(grade 3 or 4) neutropaenia
with infection is life-threatening,
which should be prevented by
treatment with growth factors.
For more information
see the Common Toxicity
Criteria at the US National
Cancer Institute web site
(see Further information).

a half-life ~100-times longer than free doxorubicin (see
below). Its primary advantage in the clinic is the reduction
in cardiotoxicity over that of doxorubicin20,21.
However, such nanoscaled systems have also shown
that unwanted attributes can manifest themselves.
For example, although Doxil has been shown to have
reduced cardiotoxicity compared with free doxorubicin,
it also has skin toxicity that is not observed with the drug
alone22. Newer nanoparticle systems, as defined by a
higher degree of multifunctionality (incorporating features such as slow release and/or targeting ligands), have
enhanced features such as reduced toxicity without the
emergence of other toxicities (as with Doxil) compared
with the initial approved products, and some of these
attributes are described below.

Nanoparticles without targeting ligands
TABLe 2 compares several nanoparticle-based therapeutics with the drug molecules that they carry. The types
of particles include liposomes, polymer micelles and
polymer-based nanoparticles.
In each case — for example, doxorubicin compared
with the doxorubicin-carrying nanoparticles SP1049C,
NK911 and Doxil — the nanoparticle alters the
pharmacokinetic properties of the drug molecule.
Circulation half-lives are listed in TABLe 2, although
they are difficult to compare because different models
are used for their determination. Clearance is a common pharmacokinetic parameter that is readily available from clinical data, and it is a better indicator of
differences in circulation times among the therapeutics.
Dramatically reduced clearances have been obtained
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with nanoparticles such as Doxil, XYoTAX (CT-2103)
and IT-101. The longer circulation times of the nanoparticles compared with the free drug alone can improve
tumour uptake (for example, see reF. 23). Moreover,
polymeric micelles (sub-100 nm) have been shown to
accumulate more readily in tumours than the larger liposomes24. Additionally, movement of a particle throughout a tumour is also size dependent as described earlier.
It is speculated that nanoparticles that are smaller than
100 nm but larger than 10 nm (to avoid renal clearance)
will be optimal for tumour penetration. Therefore, careful control of size will be important to the pharmacokinetics, biodistribution, tumour accumulation and
tumour penetration of the nanoparticle therapeutic.
Some of the nanoparticles that are now in clinical
testing also have mechanisms to control the release of the
drug, as discussed below with IT-101. These methodologies are based on cleavage of a chemical bond between
the particle and the drug by hydrolysis; by enzymes that
are located within and outside cells, for example, lysozymes, esterases; or by enzymes that are located only
within cells, for example, cathepsin b.
Clinical trials using non-targeting nanoparticles. Doxil
has been used in the clinic for over two decades and it
has been discussed extensively elsewhere25–27. Numerous
other liposomes containing drugs such as irinotecan and
SN-38 are currently in clinical trials (ClinicalTrials.gov;
see Further information).
AbI-007 (Abraxane; Abraxis bioscience/AstraZeneca),
an albumin-bound nanoparticle of paclitaxel (~120 nm in
mean diameter) was developed to retain the therapeutic
benefits of paclitaxel but eliminate the toxicities associated
with the emulsifier Cremophor El in the paclitaxel formulation (Taxol) and its generic equivalents28. The maximally
tolerated dose (MTD) of Abraxane was approximately
70–80% higher than that reported for Taxol. In a Phase III
study of 454 patients with metatastic breast cancer given
Abraxane (260 mg per m2) or Taxol (175 mg per m2)
intravenously every 3 weeks, response rates were significantly greater in patients treated with Abraxane than those
receiving Taxol29. Despite the increased dose of paclitaxel
in the Abraxane group, the incidence of grade 4 neutropaenia was significantly lower with Abraxane than with
Taxol (9% versus 22%; p = 0.001). Pharmacokinetic assessments also showed that paclitaxel clearance and volume
of distribution were higher for Abraxane than for Taxol.
Clearance was 13 litres per hour per m2 for Abraxane
versus 14.76 litres per hour per m2 for Taxol (p = 0.048)28.
Distribution was 663.8 litres per m2 for Abraxane versus
433.4 litres per m2 for Taxol (p = 0.04)28. These differences
in pharmacokinetic properties may be associated with
the higher intratumoral concentrations observed with
Abraxane compared with the equivalent dose of Taxol.
However, it should be noted that it is not clear whether
or not the nanoparticles dissolve when infused into the
patient, and there are indications that they do (see below
in final section). Thus, the clinical benefit from Abraxane
is probably not due to its functioning as a nanoparticle
but to other factors such as the removal of Cremophor El
from the formulation that causes toxicities of its own30.
www.nature.com/reviews/drugdisc
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Table 1 | Nanoscaled systems for systemic cancer therapy
Platform

Latest stage of
development

examples

Liposomes

Approved

DaunoXome, Doxil

Albumin-based
particles

Approved

Abraxane

PEGylated proteins

Approved

Oncospar, PEG-Intron, PEGASYS,
Neulasta

Biodegradable
polymer–drug
composites

Clinical trials

Doxorubicin Transdrug

Polymeric micelles

Clinical trials

Genexol-PM*, SP1049C, NK911,
NK012, NK105, NC-6004

Polymer–drug
conjugate-based
particles

Clinical trials

XYOTAX (CT-2103), CT-2106, IT-101,
AP5280, AP5346, FCE28068 (PK1),
FCE28069 (PK2), PNU166148,
PNU166945, MAG-CPT, DE-310,
Pegamotecan, NKTR-102, EZN-2208

Dendrimers

Preclinical

Polyamidoamine (PAMAM)

Inorganic or other
solid particles

Preclinical (except for
gold nanoparticle that
is clinical)

Carbon nanotubes, silica particles,
gold particles (CYT-6091)

*Approved in South Korea. PEG, polyethylene glycol.

Several nanoscaled therapeutics based on PEGylated
proteins have been approved or are in clinical trials.
PEGylation has been applied to various proteins including enzymes, cytokines and monoclonal antibody Fab
fragments. PEGylation provides a means to increase
protein solubility, reduce immunogenicity, prevent rapid
renal clearance (due to the increased size of conjugates)
and prolong plasma half-life31. PEG-l-asparaginase
(oncospar; Enzon) was approved by the uS Food and
Drug Administration in 1994 to treat acute lymphoblastic leukaemia32,33. Although free-drug l-asparaginase
depletes asparagine and is active against acute lymphoblastic leukaemia and lymphoma, it frequently induces
a hypersensitivity reaction and antibody production
that leads to its premature clearance from the circulation. Phase I studies with oncospar showed an increased
plasma half-life compared with the naked enzyme and a
reduced frequency of hypersensitivity reaction34. A subsequent Phase II study showed a partial response and
a reduced hypersensitivity reaction in some oncospartreated patients with refractory lymphoma35,36. PEGrecombinant arginine deaminase (PEG–rhArg) has
been assessed either as a single agent or in combination
with 5-fluorouracil37,38. weekly intramuscular injection
of PEG–rhArg showed a clinical activity in hepatocellular carcinoma with the achievement of low arginine
concentrations of <2 mM38.
PEG has also been linked to biological response modifiers such as interferon-a (IFN-a) and recombinant
granulocyte colony-stimulating factor (G-CSF)39,40. Two
PEGylated IFN-a conjugates, PEGASYS (Roche) for
IFN-a2a and PEGINTRoN (Schering) for IFN-a2b,
have shown clinically superior antiviral activity compared with free IFN-a and are approved for hepatitis
C therapy41. These PEG–IFN-a conjugates have been
shown to be effective for the treatment of melanoma and
NATuRE REvIEwS | drug discovery

renal cell carcinoma42–44, and are currently being tested in
other solid tumours. because of the prolonged half-lives
of PEG–IFN-a conjugates, they can be given by subcutaneous injection once every 12 weeks instead of three-times
per week for free IFNs.
because of the success of PEGylated proteins, it is
not surprising that PEG polymers have also been conjugated with small-molecule drugs to create nanoparticles.
Pegamotecan is a camptothecin conjugated with linear
PEG and has a molecular mass of ~40,000 Daltons. Two
Phase I trials were completed with Pegamotecan (weekly
dosing45 and every 3-week dosing46) as was a Phase II
trial47; however Enzon is no longer pursuing this conjugate. other PEG-conjugated chemotherapeutics are
currently in Phase I trials for advanced solid tumours,
including PEG–irinotecan (NKTR-102) and PEG–SN-38
(EZN-2208) (ClinicalTrials.gov; see Further information). The PEGylated small molecules have increased
circulation times relative to the free drug45,46, thus providing the potential for greater tumour accumulation via
the EPR effects.
In addition to altering the pharmacokinetics of the
therapeutic, nanoscaled systems can provide other functions. For example, PG–paclitaxel conjugates that link
high loading levels of paclitaxel (37% wt/wt) with a biodegradeable polymer, poly-l-glutamic acid (PG) have been in
numerous clinical trials including Phase III, and XYoTAX
(also called CT-2103) is clinically the most advanced polymer–small-molecule conjugate used for systemic administration. Paclitaxel is released from the polymer to a small
extent by slow hydrolysis (up to 14% over 24 hours), but is
released to a greater extent following lysosomal cathepsin
b degradation of the polymer backbone after endocytic
uptake48. EPR-mediated tumour targeting and enhanced
efficacy of PG–paclitaxel has been observed in many preclinical tumour models, with improvement of the safety
profile due to both decreased exposure to normal tissue
and improved drug solubility49,50. Phase I/II studies showed
a significant number of partial responses or stable disease
in patients with non-small-cell lung cancer (NSClC),
renal cell carcinoma, mesothelioma or paclitaxel-resistant
ovarian cancer51. Severe side effects included neutropaenia and peripheral neuropathy, which are classical
paclitaxel-associated toxicities. In a randomized Phase III
trial, PG–paclitaxel was compared with gemcitabine or
vinorelbine as a first-line therapy for performance status
2 patients with NSClC52. Patients receiving the conjugate
showed significantly reduced side effects when compared
with control patients, most of whom received gemcitabine, but the nanoparticle conjugate failed to show significance for overall improved survival in comparison with
either of the non-nanoparticle drugs. However, there
was a greater increase in survival for women treated with
PG–paclitaxel compared with men53. Such enhanced
activities in female patients might correlate with oestrogen
levels, as oestrogen has been shown to increase the expression of cathepsin b54. A definitive trial is now ongoing
to compare PG–paclitaxel and free paclitaxel (175 mg
per m2) as a first-line therapy for women with NSClC.
A PG–camptothecin (CT-2106) nanoparticle has also
been tested in Phase I/II clinical trials45,46,55.
voluME 7 | SEPTEMbER 2008 | 775
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Table 2 | Comparison of pharmacokinetics (human) of small-molecule drugs with nanoparticle therapeutics
Name

Formulation

diameter
(nm)

t½ (h)

clearance
(ml/min•kg)

comments

refs

Doxorubicin (DOX)

0.9% NaCl

NA

0.8

14.4

Small-molecule drug

24

SP1049C

Pluronic micelle +
DOX

22–27

2.4

12.6

Micelle nanoparticle

24

NK911

PEG–Asp micelle +
DOX

40

2.8

6.7

Micelle nanoparticle

24

Doxil

PEG–liposome +
DOX

80–90

84.0

0.02

PEGylated liposome
nanoparticle with long
circulation

24

Taxol (paclitaxel)

Cremophor EL

NA

21.8
(20.5)

3.9 (9.2)

Small-molecule drug

24 (28)

Genexol-PM

PEG–PLA micelle +
paclitaxel

20–50

11.0

4.8

Micelle nanoparticle

24

Abraxane

Albumin + paclitaxel

120*

21.6

6.5

Albumin nanoparticle
before injection;
status in vivo unknown

28

XYOTAX

PG + paclitaxel

Unknown

70–120

0.07–0.12

Polymer nanoparticle

23

Camptosar (prodrug
of SN-38)

0.9% NaCl

NA

11.7

5.8

Small-molecule
prodrug

95

LE-SN-38

Liposome + SN-38

Unknown

7–58

3.5–13.6

Liposome nanoparticle

97

Topotecan
(camptothecin
analogue)

0.9% NaCl

NA

3.0

13.5

Small-molecule drug

96

CT-2106

PG + camptothecin

Unknown

65–99

0.44

Polymer nanoparticle

98

IT-101

Cyclodextrincontaining polymer
+ camptothecin

30–40

38

0.03

Polymer nanoparticle
with extended
circulation times

66

*May dissolve upon exposure to blood. NA, not applicable; PEG, polyethylene glycol; PEG–PLA, block copolymer of PEG and
poly(l-lactic acid); PG, polyglutamic acid; SN-38, 7-ethyl-10-hydroxycamptothecin.
Haematological toxicity
This includes suppression of
red blood cells, white blood
cells or platelet counts,
and is usually induced by
chemotherapeutic agents.
Grade 4 toxicity, including
severe anaemia, leucopaneia
or thrombocytopaenia,
requires immediate
intervention to prevent
life-threatening conditions.
For more information
see the Common Toxicity
Criteria at the US National
Cancer Institute web site
(see Further information).

Cardiotoxicity
Cardiotoxicity is a toxicity that
affects the heart functions.
It includes arrhythmia, cardiac
pumping dysfunction and
eventually heart failure
when it develops in severity.
Grade 4 (severe) cardiotoxicity
is associated with the lifethreatening condition of
arrhythmia or heart failure.
For more information
see the Common Toxicity
Criteria at the US National
Cancer Institute web site
(see Further information).

other polymer–small-molecule conjugates have
completed several clinical programmes. For example,
N-(2-hydroxypropyl)methacrylamide (HPMA) polymer
conjugates demonstrated EPR-mediated tumour targeting56, and improved antitumour efficacy in animal
studies57. HPMA-polymer-Gly-Phe-leu-Gly-doxorubicin
(PK1; FCE28068) entered Phase I studies with a dosing
schedule of once every 3 weeks at increasing doses up
to a MTD of 320 mg per m2 (doxorubicin equivalent),
which is fourfold to fivefold higher than the usual dose of
doxorubicin58. The dose-limiting toxicities were neutropaenia and mucositis, but the cumulative doses reached
1,680 mg per m2 without observation of cardiotoxicity.
Antitumour activity was observed in anthracyclineresistant breast cancer, NSClC and colorectal cancer.
A clinical pharmacokinetic study showed prolonged
plasma circulation58,59. The HPMA conjugates of doxorubicin (PK1), paclitaxel (PNu166945), camptothecin
(MAG-CPT) and platinum-containing drugs (AP5280
and AP5346) have been tested in the clinic, but at this time
only the platinum-containing conjugate AP5346 remains
in clinical development. The other conjugates have either
shown unacceptable toxicity or disappointing efficacy60.
NK911, a polymeric micelle nanoparticle, was
designed for the enhanced delivery of doxorubicin.
NK911 was given intravenously to patients with solid
tumours every 3 weeks in a Phase I trial61. The starting
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dose was 6 mg per m2 (doxorubicin equivalent) with
dose escalation. A total of 23 patients were enrolled and
a MTD of 67 mg per m2 and a dose-limiting toxicity of
neutropaenia were observed. Among these 23 patients, a
partial response was observed in a patient with pancreatic
cancer. The recommended Phase II dose was determined
to be 50 mg per m2 every 3 weeks.
SP1049C, a novel anticancer agent containing doxorubicin and two non-ionic pluronic block co-polymers,
was designed to increase efficacy compared with doxorubicin. In a Phase I study, the pharmacokinetic profile
of SP1049C showed a slower clearance than has been
reported for free doxorubicin62. A subsequent Phase II
study was conducted with SP1049C. Among 19 eligible
patients with adenocarcinoma of the oesophagus, nine
partial responses (47%) and eight stable diseases (42%)
were achieved63. Haematological toxicities (grade 3 to 4)
included neutropaenia (62%) and anaemia (5%), resulting
in nine patients (43%) having the dose reduced to 55mg
per m2. Grade 1 cardiotoxicity was seen in four (19%)
patients. The investigators concluded that SP1049C
appears to be active in monotherapy in this group of
patients and combination studies with other active
agents are recommended.
Genexol-PM64,65, a polymeric micelle containing
paclitaxel, has just received approval in South Korea
and represents the first such nanoparticle therapeutic to
www.nature.com/reviews/drugdisc
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be approved for the treatment of cancer. Genexol-PM
is currently in Phase II trials in the united States. In
a completed Phase I trial, of the 21 patients treated
there were three partial responses (14%) and two of
these patients were refractory to prior taxane therapy64.
Similar to Abraxane, Genexol-PM does not require the
use of pre-medications that are normally required with
Taxol. A Phase II trial with patients with metastatic breast
cancer has been reported for Genexol-PM administered
at 300 mg per m2 every 3 weeks65. of the 39 patients
that were evaluated, there were 5 complete responses
(13%), 19 partial responses (49%), 13 stable diseases
(33%) and 2 with progressive diseases (5%). However,
because of grade 3 neuropathy, 17 patients had to have
dose reductions.
Some of the newer multifunctional nanoparticles,
such as IT-101, a conjugate of camptothecin and a
cyclodextrin-based polymer, can have greatly extended
circulation times (shown both in animals and in
humans66), enter tumour cells and allow slow release
of the drug67. Initial results from a Phase I clinical trial
showed that several patients receiving IT-101, at doses
compatible with a high quality of life, had long-term
stable disease (approximately 1 year and more)66. These
results and others are suggestive that agents shown to
be active against tumours that are resistant to the drug
via multidrug-resistant-mediated pump mechanisms67 in
animal experiments, may also be active in drug-resistant
tumours in humans (discussed below).
Multifunctional nanoparticles such at IT-101 can
provide for significantly reduced side effects without the
generation of new toxicities compared with the drug that
is contained within them. because of the low side-effect
profile of IT-101, it will be tested in a Phase II clinical trial
in ovarian cancer as maintenance therapy (ClinicalTrials.
gov; see Further information). IT-101 will be dosed in
women who normally ‘wait and watch’ for disease progression to occur after chemotherapy to test whether or
not the time to disease progression can be prolonged.
If successful, this will open a new paradigm for nanoparticle therapeutics based on their potential to provide low
toxicity and high efficacy.

Neuropathy
Neuropathy is a disorder of
the nervous system that
includes dysfunction of cranial,
motor and sensory nerves.
When grade 3 or 4 neuropathy
is developed, it can
significantly jeopardize normal
functions. Severe neuropathy
includes paralysis, paraesthesia
and disabling cognitive
impairments. For more
information see the
Common Toxicity Criteria
at the US National Cancer
Institute web site
(see Further information).

Nanoparticles with targeting ligands
The nanoparticles listed in TABLe 2 utilize passive targeting to reach tumours. That is, it is thought that the
leaky vasculature of tumours allows the nanoparticles to
extravasate,whereas the normal vasculature does not (this
property is involved in the altered biodistribution of nanoparticles compared with the drug molecule). ultimately,
active targeting via the inclusion of a targeting ligand on
the nanoparticles is envisioned to provide the most effective therapy. TABLe 3 lists the few ligand-targeted therapeutics that are either approved or in (was in) the clinic.
PK2 (FCE28069), a HPMA-polymer-Gly-Phe-leuGly-doxorubicin conjugate that also contains the sugar
galactosamine, was the first ligand-targeted nanoparticle to reach the clinic. The galactose-based ligand was
used to target the asialoglycoprotein receptor (ASGPR),
which is expressed on hepatocytes, in the hope that its
high expression is retained on primary liver cancer cells.

NATuRE REvIEwS | drug discovery

However, as ASGPR is also expressed on healthy hepatocytes, the targeted nanoparticles accumulated in normal
liver cells as well as in the tumour. In a Phase I trial, PK2
had a MTD of 160 mg per m2 (doxorubicin equivalent
dose), with dose-limiting toxicities that are typical of
anthracyclines69. of the 23 patients with primary hepatocellular carcinoma, two had progressive diseases, lasting
26 and 47 months, a third showed a reduction of tumour
volume, and 11 had stable diseases70. Concentrations of
drug in liver were 15–20% of the administered dose
after 24 hours70 and the concentrations in the tumour
were 12–50-fold higher than would have been achieved
through free doxorubicin.
At present, the only targeted nanoparticles in the clinic
are MbP-426, which contains the cytotoxic platinumbased drug oxaliplatin in a liposome; SGT-53, a liposome
containing a plasmid coding for the tumour suppressor p53; and CAlAA-01, a polymer–siRNA composite.
MCC-465, a targeted doxorubicin-containing liposome,
does not appear to be currently in use. These nanoparticles all target the transferrin receptor, which is known to
be upregulated in many types of cancer7.
Additionally, targeted nanoparticles can have active
mechanisms for the intracellular release of the therapeutic
agent. For example, CAlAA-01 is a targeted nanoparticle
that has high drug (siRNA) payload per targeting ligand,
proven multivalent binding to cancer cell surfaces and
an active drug (siRNA) release mechanism that is triggered
upon the recognition of intracellular localization by pH
decline below a value of 6.0 (which occurs in the endocytic pathway)5,9,11,71.
As mentioned above, recent work comparing nontargeted and targeted nanoparticles (lipid-based 8 or
polymer-based9 nanoparticles) has shown that the primary role of the targeting ligands is to enhance cellular
uptake into cancer cells and to minimize the accumulation in normal tissue. This behaviour suggests that
the colloidal properties of nanoparticles will determine
their biodistribution, whereas the targeting ligand
serves to increase the intracellular uptake in the target
tumour. If this turns out to be the case in general, then
the targeting ligand affinity and surface density on the
nanoparticle will determine cellular uptake. Recently,
Zhou et al. showed that the affinity–density relationships for nanoparticles can be determined72. The density
of single-chain Fv antibody fragments was important
for nanoparticle uptake and high affinities were not
necessary if high densities were used. The results clearly
demonstrated that high-density, low-affinity antibody
fragments can provide uptake into cancer cells that is
not increased when the affinity is increased. Although
the specific affinities and densities are probably a function of cell-surface receptor densities, this work illustrates the importance of multivalency of the targeted
nanoparticles discussed here.

Targeting efflux-pump-mediated resistance?
A major clinical obstacle that limits the efficacy of
cancer therapeutics is the resistance of cancer cells to
a multitude of chemotherapeutic and biological agents,
known as multidrug resistance (MDR)73,74. MDR can
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Table 3 | Examples of ligand-targeted therapeutic agents
Name

Targeting agent

Therapeutic
agent

status

comments

Gemtuzumab
ozogamicin (Mylotarg;
UCB/Wyeth)

Humanized
anti-CD33
antibody

Calicheamicin

Approved

Antibody–drug conjugate

99

Denileukin diftitox
(Ontak; Ligand
Pharmaceuticals/Eisai)

Interleukin 2

Diphtheria
toxin fragment

Approved

Fusion protein of targeting
agent and therapeutic
protein

100

Ibritumomab
tiuxetan (Zevalin;
Cell Therapeutics)

Mouse anti-CD20
antibody

90

Yttrium

Approved

Antibody–radioactive
element conjugate

101

Tositumomab (Bexxar;
GlaxoSmithKline)

Mouse anti-CD20
antibody

131

Iodine

Approved

Antibody–radioactive
element conjugate

101

FCE28069 (PK2)

Galactose

Doxorubicin

Phase I
(stopped)

Small-molecule targeting
agent conjugated to
polymer nanoparticle

102

MCC-465

F(ab′)2 fragment of
human antibody
GAH

Doxorubicin

Phase I

Liposome nanoparticle
containing antibody
fragment targeting agent

103

MBP-426

Transferrin

Oxaliplatin

Phase I

Liposome nanoparticle
containing human
transferrin protein
targeting agent

SGT-53

Antibody fragment
to transferrin
receptor

Plasmid DNA
with p53 gene

Phase I

Liposome nanoparticle
containing antibody
fragment targeting agent

106

CALAA-01

Transferrin

Small
interfering RNA

Phase I

Polymer-based
nanoparticle containing
human transferrin protein
targeting agent

71,107

be caused by physiological barriers (non-cellular-based
mechanisms), or by alterations in the biological and
biochemical characteristics of cancer cells (cellular
mechanisms). In the first case, non-cellular drug resistance mechanisms can be due to poorly vascularized
tumour regions that greatly reduce drug access to the
tumour tissues and thus protect cancerous cells from
drug-induced cytotoxicity. Furthermore, high interstitial
pressure and low microvascular pressure may also
impede extravasation of drug molecules. In the second
case, resistance of tumours to therapeutic intervention
can be due to cellular mechanisms, including alteration
of specific enzyme systems for drug metabolism, reduction of apoptotic activity, induction of the cellular repair
system, mutation of the drug target, or increasing drug
efflux in tumour cells.
Among these mechanisms, changes in the drugefflux pump are the best known and most extensively
investigated. The discovery that P-glycoprotein (P-gp)
mediates active efflux of chemotherapeutic drugs from
tumour cells initiated this line of reasoning75,76. P-gp is
a product of the MDR1 gene and is a 170-kDa transmembrane glycoprotein that functions as a transporter
or efflux pump (it is one of the ATP-binding cassette
(AbC) proteins) that removes drug out of cells. To date,
numerous inhibitors of AbC transporters (including
P-gp) have been investigated as potential anticancer
agents77; however, the results have been disappointing.
778 | SEPTEMbER 2008 | voluME 7
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Alternative strategies for overcoming drug resistance
could be based on systems that allow selective drug accumulation in tumour tissues, tumour cells or even compartments of tumour cells without increased systemic
toxicity. This might be provided by nanoparticle-based
drugs because they enter cells by endocytosis (FIGS 1,3).
Also, by choosing an appropriate nanoparticle formulation, it is possible to protect a drug from the acidic
(or other degrading entities such as nucleases for oligonucleotides) microenvironment it encounters before
entering into tumour cells. For example, doxorubicinloaded poly(alkyl cyanoacrylate) (PACA) nanoparticles
are able to penetrate cells without being recognized by
P-gp78,79. using PACA nanoparticles, it has been demonstrated that the MDR of P388 leukaemia cells in culture
was partially overcome. PEG-coated PACA nanoparticles were prepared from a poly(PEGcyanoacrylateco-hexadecyl cyanoacrylate) co-polymer79. In murine
cancer models, these nanoparticles circulated longer
in the blood stream, whereas their uptake by the liver
was reduced. An increased accumulation of the drug in
tumour tissue was observed when the drug was administered in the form of PEG-coated PACA nanoparticles80. Additionally, Schluep et al. showed that IT-101
administered systemically in mice can overcome P-gp
resistance in mouse tumour xenografts67. This was
further evaluated in mice bearing six different xenografts
— lS 174T and HT29 colorectal cancer; H1299 NSClC;
www.nature.com/reviews/drugdisc
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Figure 3 | Nanoparticles can overcome surface efflux pump mediated drug resistance. Efflux-pump mediated
resistance is based on the rapid elimination of free drug that enters the cell. Drugs that inhibit efflux pumps are in
Nature
Reviews
| Drug Discovery
development, but have had limited success to date. Nanoparticle agents are designed to
utilize
the enhanced
permeability and retention (EPR) effect to exit blood vessels in the tumour, to target surface receptors on tumour cells,
and to enter tumour cells by endocytosis before releasing their drug payloads. This method of delivery allows for high
intracellular drug concentrations that can overcome efflux-pump mediated drug resistance.

H69 small-cell lung cancer; Panc-1 pancreatic cancer;
MDA-Mb-231 breast cancer — and one disseminated
xenograft (TC71-luc Ewing’s sarcoma). In all cases, a
single treatment cycle of three weekly doses of IT-101
resulted in significant antitumour effects. Complete
tumour regression was observed in some of the animals
bearing H1299 tumours, and in the majority of the
animals with disseminated Ewing’s sarcoma67. Furthermore, IT-101 was shown to be effective in a number
of tumours (for example, HT29 colorectal tumours),
which are resistant to treatment with irinotecan67. This
is consistent with the hypothesis that polymeric drug
conjugates may be able to overcome certain kinds of
MDR (FIG. 3).
As strategies using targeted nanoparticles take
advantage of their binding to cell-surface receptors
that are then endocytosed, this approach has also been
applied to overcome drug resistance. Folate-receptortargeted, pH-sensitive polymeric micelles containing
doxorubicin81, transferrin-conjugated paclitaxel nanoparticles82 and transferrin-ligated liposomes containing
oxaliplatin83 all exhibited greater antitumour activity
than the respective free drugs in drug-resistant mouse
models. overall, these studies show that nanoparticles
of different types that contain small-molecule drugs
and targeting moieties can outperform non-targeted
nanoparticles.
There is no conclusive proof that nanoparticles have
bypassed surface pump mediated resistance in humans,
although clinical results that report partial responses in
patients65,68,84 who had previously failed drug therapies
are suggestive of this possibility. For example, patients
who were refractory to prior taxane therapy (for example,
NSClC with paclitaxel/carboplatin and ovarian cancer
NATuRE REvIEwS | drug discovery

with paclitaxel/carboplatin and paclitaxel regimens)
experienced objective responses after treatments with
Genexol-PM, a polymeric micelle nanoparticle containing paclitaxel, or XYoTAX (CT-2103), a PG–paclitaxel
conjugate64,68.

Achievements and future challenges
Nanoparticles provide opportunities for designing and
tuning properties that are not possible with other types
of therapeutics, and as more clinical data become available (see also reviews on polymer–drug conjugates85 and
polymeric micelles86 for further clinical data), the nanoparticle approach should improve further as the optimal
properties are elucidated. As illustrated by the agents in
TABLeS 1–3, nanoparticle-based therapeutics are evolving,
and newer, more sophisticated multifunctional nanoparticles are reaching the clinic. Results from these trials are
already fuelling enthusiasm for this type of therapeutic
modality.
Some of the important features of nanoparticles
observed in preclinical studies have been confirmed in
humans, such as extended pharmacokinetic data with
sub-100 nm particles66. As discussed above, there are
also suggestions that pump-mediated MDR might be
overcome, and side effects significantly reduced (without the emergence of new side effects) while providing
improved efficacy. These combined features may allow
for new therapeutic strategies such as maintenance
therapy.
Although there are numerous positive features of
nanoparticle therapeutics for cancer, there are also
issues of concern. First, while size can provide useful
features such as large payloads and accommodation of
multiple targeting ligands, it also can be a detriment.
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At present, it remains unknown how nanoparticles
move through tumour tissue once they have localized
into the tumour area. Tumour penetration is important
and especially so when the nanoparticles are designed
to carry the drug molecules into the cancer cells before
release. Much further work is required to understand
how nanoparticles function in humans as early claims
of some nanoparticle function are now being called into
question. For example, with Abraxane there is evidence
to suggest that the proposed nanoparticle delivery
may not be the true mechanism leading to enhanced
amounts of drug in tumours87.
Second, there are valid concerns about nanoparticle
toxicity, as little is known about how nanoscale entities behave in humans. The size and surface properties
of nanoparticles can give them access to locations that
are not available to larger particles. Surface properties
also affect biodistribution through mechanisms such as
nonspecific binding to proteins in the blood, removal by
macrophages and by causing local disturbances in barriers
that would otherwise limit their access. An example of
the latter phenomenon was recently published: in this
study neutral and slightly negatively charged nanoparticles did not alter the integrity of the blood–brain
barrier in rats, whereas highly charged nanoparticles did
regardless of whether they were positively or negatively
charged88. Studies of this type suggest that further work
is necessary in order to fully define the biocompatibility
of nanoparticles in humans. The careful analysis of toxicities of nanostructures in animal models revealed no
detrimental effects for some (for example, silica coated
magnetic 50 nm particles 89) but toxicity for others
(for example, carbon nanotubes90). As expected, the
size and surface properties of the nanoparticles dictate
their behaviour and more data are necessary in order to
develop understanding of their structure–property relationships. Nevertheless, some nanoparticles described
in this article have passed rigorous toxicity testing for
regulatory approvals and have years of experience in
humans. Although each new nanostructure will need
to be tested, there is good reason to believe that nanoparticles can ultimately be used in humans as effective
systemic medicines and imaging agents91,92. As more
biocompatibility data become available, further understanding of what is needed to tune the size and surface
properties of nanoparticles to provide safety will aid
the creation of new, more effective nanomedicines for
systemic use93.
Third, there are important commercial and regulatory challenges to be tackled with the emerging generation of more complex nanoparticles, in part owing
to their multicomponent nature. Such nanoparticles
are likely to be difficult and expensive to manufacture
at large scale with appropriate quality. However, some
highly complex nanoparticles have reached the clinic.
For example, CAlAA-01 is a four-component system
that assembles into a highly multifunctional, targeted
nanoparticle that contains siRNA. This multicomponent system is now in clinical studies and this example
shows that complex nanoparticles can be manufactured at cGMP and satisfy regulatory requirements, at
780 | SEPTEMbER 2008 | voluME 7

least for the initiation of Phase I trials. It remains to
be seen whether nanoparticles of this complexity can
reach the market. In addition to supporting the cost of
development, intellectual property costs could be higher
because so many components are needed to create the
nanoparticle and each might have multiple intellectual
property licenses for use. Given these barriers to commercialization, it seems that lack of sufficient financial
support could be an issue, and in addition it is likely
that approved products will be expensive because of
these issues.
There are also numerous efforts focused on combining imaging and therapeutic agents within the
same particle. Although there are situations in which
this combination might be useful, there are numerous others were this would not. For example, imaging
is not necessary every time therapy is administered,
especially if this is daily or even more frequently. To
carry along an expensive imaging agent and not use it
is not a particularly good idea with the rising costs of
medicines. Additionally, there are significant regulatory and developmental issues that make the concept
of commercializing a combined agent daunting. An
alternative, appropriate methodology for these situations is to create individual nanoparticles for imaging
and therapy in which the size and surface properties
are essentially the same between the two nanoparticle
types. The closest analogue to this combination is antibodies possessing a radionucleotide for imaging and
another for therapy. As the size and surface properties
define the biodistribution, the imaging agent should
localize similarly to the therapeutic agent. This is a
general strategy that is achievable using nanoparticles
that can use numerous types of therapeutics and imaging modalities. one can imagine nanoparticle imaging
agents that provide information on intracellular targets.
The molecular target of the disease could be verified to
exist in a patient before treatment, and as the observation was made via a nanoparticle with the same size
and surface properties of the therapeutic particle, the
therapy would be expected to reach the target. This
combination will allow personalized medicine in the
sense that treatment does not have to occur until the
target is known to exist in the patient. Also, follow-up
imaging can be performed to verify that the target has
been reached and that the therapy is working.
There is no doubt that nanoparticle therapeutics with
increasing multifunctionality will exist in the future.
As newer and more complex nanoparticle systems
appear, better methodologies to define biocompatibility will need to be created, especially those that can
assess intracellular biocompatibility. while the details
of issues regarding scale-up and cGMP production are
not often discussed, sophisticated nanoparticles such as
CAlAA-01 show that efforts towards overcoming cGMP
and regulatory hurdles is progressing. Although many
challenges exist for the translation of nanoparticles that
are currently research tools into approved products for
patients, their potential advantages should drive their
successful development, and the continuing emergence
of a new class of anticancer therapies.
www.nature.com/reviews/drugdisc
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