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For a technology to be described as
nanoscale varies according to disci-
pline from a few nanometers to hun-

dreds of nanometers, but across a broad
range of fields from battery research to
catalysis and medicine, nanoscale materials
exhibit special or unique behavior. One
colleague, Prof. Ainissa Ramirez, describes
nanomaterials as “small but special”.1 It is
the latter quality that has the potential to
impact medicine through improved transla-
tion and the development of clinically rele-
vant therapies.
This Perspective is far from comprehen-

sive but focuses on the potential impact and
challenges of translating some nanomater-
ials. Two of the areas in which nanomater-
ials can have and are having therapeutic
impact are the tracking and delivery of treat-
ments. While nanomaterials open new doors
and have the potential to improve patient
care, there are fundamental challenges that
we have to address to ensure that these
therapies are as safe and effective as possi-
ble. These challenges include dealing with
concerns about toxicity during the proces-
sing and delivery of materials, assessments
of biodistribution over time as a function of
route of administration, and the reality that
the role these materials play in different
tissues may lead to unanticipated findings
because of their “special” nature. Looking at
the biodistribution and clearance of nano-
materials at an early stage of research can
help to provide insights that will, ultimately,
lead to better technologies that are more
likely to be successful therapies.
It is tremendously easy as scientists to spend

ourdays talkingabout thepotential of ournew
therapeutic paradigms. We often say there are
5 to 10 years between a breakthrough and a
treatment. When one is suddenly moved to
the patient side of the equation, the world
often looks strangely medieval. For example,
cisplatin, first described in 1845 and shown to
reduce tumors in 1968, is still the first line of

defense in a number of cancers.2 As a patient,
one expects to hear about a treatment that is
more recent and less toxic than a systemically
administered agent from1968. There are treat-
ments being developed, but if they are to
achieve therapeutic impact, we have to be
able to move them from discovery through
to the clinic. More and more, investigators are
finding that theyneed to take responsibility for
this translation. Themodel of investors swoop-
ing in, developing the technology, and taking
it all theway frompreclinical testing through to
approval and commercialization is becoming
more rare. The further one can move a tech-
nology toward (or into) the clinic, the greater
the reduction of risk and the potential for
return on investment.
Can nanomaterials be translated, and can

they help drive the development of thera-
pies? The answer is an all too frustrating
“perhaps”, but there are some basic con-
cepts that, when considered at the bench,
help to move therapies to the clinic more
efficiently.
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ABSTRACT There are a range of definitions for nanomaterials and a range of length scales that

are considered nano, but one thing is consistent among fields: nanomaterials are small and special.

Nanomaterials have the potential to have tremendous impact on medical treatments. In one

example, nanomaterials are permitting the tracking of cells viamagnetic resonance imaging (MRI) in

clinical trials to assess the efficacy and safety of cellular therapies. In a second example,

nanomaterials are acting as drug delivery vehicles for the targeted delivery of therapies to increase

efficacy and to reduce side effects. However, there are distinct challenges that must be considered in

the development and application of these materials, including careful analysis of the distribution

and clearance of nanomaterials and their potential off-target effects. By carefully assessing

materials early in their development at the bench, one may be able to move successful approaches

through to the clinic more rapidly, which is indeed the goal of the field. For far too many conditions

and diseases, the tools we have are less than adequate, and nanomaterials have the potential to fill

that void. To realize this potential, investigators must be willing to invest time and resources to

develop and to translate these technologies to the point where the risk is low enough that they have

real commercial possibilities. Working collaboratively and leveraging resources and experience play

important roles in moving technologies through preclinical and clinical testing. It requires incredible

dedication of teams of researchers, but the result is new treatments and therapies.
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Using Nanomaterials To Track Treat-
ments. Nanomaterials as contrast
agents in imaging applications have
a long and impressive history
ranging from gadolinium-based
systems for magnetic resonance
imaging (MRI) to quantum dots for
optical microscopy.3 One of the
areas in which nanomaterials can
have and are having an impact in
moving treatments to the clinic is in
tracking treatments (Figure 1A). For
example, cellular therapies includ-
ing the administration of mesench-
ymal stem cells or mesenchymal
stromal cells (MSCs) benefit greatly
from the inclusion of nanomaterials
to permit high-resolution tracking
of the cells in clinical trials.

MSCs have shown promise for
the treatment of a number of dis-
eases in clinical trials ranging from
myocardial infarction4 to the mod-
ulation of graft versus host disease5

andmultiple sclerosis.6 In preclinical
work, the hypothesis was that intra-
venous administration of MSCs
would lead to homing of the cells
to the sites of injury or disease.7

While MSCs are often seen in higher
numbers in compromised tissues,
they have also been found to reside
in a number of uninjured tissues,
including the lungs, liver, and
spleen.8 By tracking the location of
the cells over time, not only have
investigators been able to deter-
mine the best routes of administra-
tion, but they have seen that the
mechanism of the cells may have
been at least in part one of immu-
nomodulation related to paracrine
(local) signaling.9 Being able to track
the cells is critical to understanding
their safety and efficacy and, thus, is
also critical for translation.

In preclinical models, it is typical
to label the cells with green fluo-
rescent protein or a similar molecule
and to characterize their distribu-
tion histologically. This is not an
option clinically, but just as we need
to know in preclinical work where
the cells go and what they do, we
also need to be able to assess this
movement in clinical trials. In phase
I trials, it is critical to demonstrate

safety, and it helps tremendously to
be able to determine where the
cells go and for how long.10 Being
able to track the cells greatly aids
the demonstration of safety and
provides insights into the mecha-
nism of action that facilitates moving
to phase II trials.

MRI is a particularly attractive
imaging modality for clinical trials.
It provides high-resolution, detailed
structural images, three-dimensional
spatial reconstruction, and no
ionizing radiation. However, cells
need to be modified to be visua-
lized. Iron oxide nanoparticles have
been used to track donor cells in
preclinical trials,11�13 and several
clinical trials are underway. One
clinical trial, based in Israel, focused
on MSCs for the treatment of multi-
ple sclerosis as well as amyotrophic
lateral sclerosis.14 The MSCs were
labeled with Feridex, iron oxide
nanoparticles approved by the FDA
for use in humans. Feridex nanoparti-
clesarenonfunctionalizedand rely on
either passive endocytosis or the use
of cell permeation techniques to pro-
mote the internalization of the parti-
cles in the cells of interest.15 The
labeling has enabled tracking of the
MSCs delivered either intravenously
or intrathecally over 6 months.

A search through the NIH's
clinicaltrials.gov Web site shows that
several groups are running trials in-
vestigating relatives of Feridex, which
is no longer being manufactured, for
tracking cells for cell therapies. The
ability to track cells longitudinally in
clinical trials is tremendously exciting,
but there are potential scientific is-
sues as well as safety issues thatmust
be considered. Theearly expectations
of theseparticleswere that, if the cells
containing them died, the particles
would be cleared readily by the im-
mune system. This is likely in a num-
ber of tissues, but the particles may
not always be cleared quickly, espe-
cially in the central nervous system
with its microglial cells or under
immune-compromised conditions.16

This work raises concern over both
the safety of the particles as well as
whether, in some cases, theremay be

a positive MR signal that does not
correlate well with the presence of
the cells of interest. For nanoparticles
to facilitate the development of cell
therapies, the particles may have to
be engineered to facilitate clearance
when released from dying cells.

Using Nanomaterials To Deliver Treat-
ments. Nanomaterials may acceler-
ate the translation of therapies by
improving their tracking, as in the
case of cellular therapies. Nanoma-
terials may also deliver the therapy
itself, improving the efficacy and
localization of treatment to reduce
side effects (Figure 1B�D). For
many of the agents used to treat
cancers, the side effects are often
dose limiting. Systemic therapies
are attractive for many cancers be-
cause they have the potential to
reach tumors throughout the body
in areas that are not amenable to
other approaches. One of the tre-
mendous areas of growth on the
research side involves using nano-
materials both as imaging agents to
identify tumor cells and as drug
delivery vehicles. These techniques
are tremendously exciting andbuild
on the drug delivery approaches
described here, often in conjunc-
tion with the some of the imaging
approaches noted above.

Delivering drugs with nanomater-
ials is far from new. For millions of
years, viral nanoparticles have suc-
cessfully delivered their payloads. In
recent years, we have begun to
catch up, albeit very slowly. One of
the best-known nanoparticle deliv-
ery systems is Doxil, a PEGylated

One of the tremendous
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research side involves

using nanomaterials
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to identify tumor cells

and as drug delivery

vehicles.
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liposomal formulation of doxorubi-
cin. The encapsulation of the drug in
the PEGylated nanoparticles leads
to longer circulation time than the
free drug and greater efficacy than
the free drug.17 The longer circula-
tion time, size of the liposomes, and
PEGylation are designed to facilitate
passive diffusion through the en-
hanced permeation and retention
(EPR) effect associatedwith the leaky
vessels in tumors. Doxil is approved
for the treatmentofovarianandbreast
cancers as well as Kaposi's sarcoma.
While in many ways it is an excellent
example of the benefits of nanoma-
terials for therapy (longer delivery,
greater efficacy, and simple intrave-
nous administration), it is not without
its challenges. The longer circulation
time and ability to circulate through
the capillary beds of the hands and
feet can lead to hand-foot syndrome,
in which the skin breaks down on
the hands and feet.17,18 The condi-
tion is found with the nanoparticle

formulation and is not seenwith the
freedrug. Thecondition is painful and
can be dose limiting. Doxil represents
both the promise and challenges of
nanomaterials for delivery.

Nanomaterial delivery systems
that have moved into clinical trials
more recently have focused on tar-
geting the particles to increase the
concentration of the drug at the site
of interest while reducing the sys-
temic side effects. BIND Biosciences
is using aptamer targeting prostate
cancer cells in their nanoparticle de-
livery system for docetaxel (clinical
trial identifier NCT01300533). In ani-
mal models, these particles were
shown to reduce tumor size and to
increase survival compared to either
untargeted nanoparticles or the free
drug.19 In subsequent work, they
showed that the majority of the
particles went to the liver and spleen
as has been seen previously with
nanoparticles administered systemi-
cally, butwith the targetingmoiety, a

greater number of particles were
seen in the tumor.20

Aptamers are attractive target-
ing molecules because they exhibit
reasonably high affinity and specifi-
city while being more stable than
antibodies under a number of con-
ditions.21 Their development has
played an important role in devel-
oping targeted nanoparticles for
therapeutic interventions, particu-
larly for conditions like cancer, as
seen in the BIND Biosciences clinical
trial. The scientific challenge lies in
finding a specific surface ligand on
the cancer cells for targeting. In the
case of prostate cancer, there are
well-known surface ligands on the
cancer cells. The same is true for
breast cancers. However, for many
cancers, we do not have good, spe-
cific markers. It is critical from a
basic research perspective that we
investigate targeting molecules for
other cancers and apply these tar-
geting moieties to therapies.

Figure 1. (A) Nanomaterials for therapy: tracking cells. Nanomaterials can be designed to be endocytosed by cells. The most
common ones for MRI cell tracking are iron oxide based. The particles generate a signal on MRI that correlates with the cell
location and permits non-invasive longitudinal tracking of cell therapies. (B) Nanomaterials as drug delivery systems.
Nanoparticles can be administered systemically to deliver a drug to a target site such as a tumor through either passive or
active targeting. (C) Nanomaterials at a target site. PEGylated PLGA nanoparticles labeled with Coumarin 6 (green) are seen
participating in a clot following intravenous administration.32 (D) Nanoparticles that were designed to bind to the cells
involved in the clot show greater accumulation at the target (injury) site than untargeted nanoparticles.32 (E) Biodistribution
of the nanoparticles over time. No nanoparticles were detected in any organs or plasma at 3 days post-administration.32

Images C, D, and E are reprinted with permission from ref 32. Copyright 2009 American Association for the Advancement of
Science.
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In themeantime, other groups and
companies are looking to provide lo-
calized therapy by combining nano-
materials with othermodalities. Nano-
spectra Biosciences, Inc. has a phase 1
clinical trial underway for patientswith
head and neck cancers based on gold
nanoshell technology (NCT00848042).
The particles (∼120 nm in diameter)
consist of a dielectric material, silica in
this case, coated with a thin gold shell
that is then PEGylated to increase
circulation time like the liposomes in
Doxil. They accumulate in the tumor
through theEPReffect associatedwith
leaky vessels. A near-infrared laser is
used toheat up theparticles and to kill
the tumor. The specificity is driven by
theneedtocombine theparticleswith
the laser to achieve toxicity.22,23 It is
a different approach to killing cells
that has the potential to work in tu-
morswhere targetingmoieties arenot
available.

Much of the work on nanoma-
terials for drug delivery is extremely
promising, but not every targeted
formulation has performed well in
clinical trials. Cisplatin, the long-
used chemotherapy agent, is asso-
ciated with a host of dose-limiting
side effects including nephrotoxi-
city. Providing a targeted, localized
delivery system could make this
drug more effective and safer. A
liposomal formulation of cisplatin,
lipoplatin, has been through phase
3 trials for non-small-cell lung can-
cer. Lipoplatin is a relative of Doxil in
that it is a PEGylated liposomal sys-
tem with no specific targeting com-
ponents. The liposomal formulation
permitted higher dosing (200 mg/m2

for the lipoplatin versus 75 mg/m2

for cisplatin) and showed signifi-
cantly less nephrotoxicity (6% versus

40%), but the median survival
time was not affected.24 Nonethe-
less, this is an encouraging finding.
The nephrotoxicity of cisplatin is
devastating, and being able to ad-
minister it with the same efficacy
without the side effects is a step
forward, but one would still like
something that is more effective.
One of the arguments for the lim-
ited efficacy has been that the

liposomes do not effectively release
the drug at the tumor sites. To ad-
dress this issue, liposomes were
fabricatedwith an enzymatically de-
gradable unit sensitive to phospho-
lipase A2, which exists in high
concentrations around tumors.25

The concept behind delivery of an
enzymatically targeted system is in-
triguing, andpreclinical work showed
reduction in tumors with minimal
side effects noted beyond weight
loss (5% in the liposomal group versus
3% in the control on day 1).26 In vitro

toxicity studies looked promising.26

The preclinical work motivated a
phase 1 study. The study was halted
when patients exhibited acute infu-
sion reactions and renal toxicity (33%
of patients).27 Just as nanomaterials
can augment therapy, they can lead

to increased side effects. It is not easy
to find articles on failed trials, and it is
incredibly helpful when investigators
share what does not work. We all
need the opportunity to learn from
failures.

In all of these systems, even with
excellent targeting moieties or com-
bination technologies to localize
the treatment, the majority of the
carriers do not get to the tumor.
Demonstrating efficient clearance
of the unbound particles becomes
critical for safety and for the transla-
tion of the therapy to patients. Early
bench studies need to study the
biodistribution of the nanomaterial
carefully and not just focus on what
is happening at the tissue of inter-
est. Doing so helps to identify the
most promising candidates that can
make it through preclinical testing

and into clinical trials. A therapy
may be tremendously effective in
the tissue of interest, but if there is a
build up in another part of the body,
the efficacy may be overshadowed
by safety concerns or complica-
tions. Looking for the biodistribu-
tion aswell as off-target effects early
in the bench studies helps to short-
en the time to translate the technol-
ogy (Figure 1E).

THE CHALLENGES FACED IN
TRANSLATING
NANOMATERIALS

It is tremendously exciting to see
more nanomaterials moving into
clinical trials. Nonetheless, for many
patients looking for treatments,
nanomaterial therapies are a lifetime
away. The question we all face is:
What do we need to do to develop
approaches that can get to the clinic
faster?
For most of us at the bench,

proof-of-principle is an exciting goal
on which we spend most of our
time. Focusing on how a material
will be scaled up, or what else a
material may do, or where it may
go seems unimportant without
signs that the technology has pro-
mise. However, if we look at these
issues from day 1 at the bench, then
successful technologies will be
more likely tomove forward quickly.
This is true with any technology, but
the challenges become greater as
the materials become smaller and
more carefully engineered. If one
designs amaterial that is 10 nmwith
10 targeting moieties that is suc-
cessful but the 20 nm version is
not, one needs to be able to scale
up the relatively precise 10 nm sys-
tem. This is easier said than done.
The techniques most of us use at
the bench are not typically indust-
rially friendly. A low yield of a sys-
tem for a proof-of-principle study is
fine, but if it takes another 10 years to
get the system to volumesneeded for
large animals much less patients, the
technology can lose a great deal of its
initial potential and value.
Think about scale-up early in the

process. The value is many-fold; not

Looking for the
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only does it mean that one may
have more material as one moves
through preclinical testing and one
may have a process more amenable
to good manufacturing practice
(GMP) conditions, a prerequisite
for clinical testing, but making a
material in a variety of ways allows
one to ask some important basic
questions about what factors or
features of the material are critical
for its function. Translating technol-
ogy does not mean abandoning
basic research and the fundamental
questions posed. Basic and transla-
tional research can move in parallel

and thrive on each other. Looking at
the results from preclinical or early
clinical testing in conjunction with
basic work can give new insights
into the materials and mechanisms
of the technology.
The elephant in the room with

nanomaterials are the concerns re-
garding safety. In 2007, the FDA re-
leaseda report of thenanotechnology
task force that sought to address how
nanomaterials should be treated in
the regulatory process.28 There have
been a number of papers looking at
the toxicity of a host of nanomaterials
from gold nanoparticles29 to carbon
nanotubes30 and PLGA nanopar-
ticles.31 The very things that make
nanomaterials so exciting, from their
ability to be delivered systemically
with preference for specific tissues to
their ability to provide a label for cells
through being endocytosed, can also

be risks that must be assessed. The
FDA task force recommendations are
broad but include awareness of the
potential changes in pharmacoki-
netics and pharmacodynamics as the
length scales of materials change as
well as the potential for novel biologi-
cal interactions. They recommended
careful characterizationof nanomater-
ials with respect to surface chemistry,
crystallinity, and aggregation with a
particular note that the last could
fundamentally change the behavior
of nanomaterials in vivo. As noted
above, looking carefully at biodistribu-
tion and clearance is an importantfirst
step towarddetermining thepotential
biological interactions nanomaterials
may have in vivo. Just as nanomater-
ials can augment imaging modalities,
new imaging approaches may allow
more efficient longitudinal analyses of
nanomaterials, which could lead to
faster and greater insight into the
potential of these materials and their
risk assessment.
Ultimately, one of the biggest

issues with translation is the need
for financial resources. Investors are
generally more conservative than a
decade ago, and if one is seeking to
move technology to the clinic, one
is likely to have to do more of the
preclinical and, potentially, clinical
work before being able to license
technologies successfully. It is a tre-
mendously intimidating and time-
consuming process that often has
far less appeal than the initial proof-
of-principle work. It would be won-
derful to develop a new technology,
then to hand it off and to move to
the next exciting idea, but if we
want to see new therapies in the
clinic, as a community, we need to
build the infrastructure to support
translation and we need to shep-
herd technologies further along the
pipeline and to reduce the risk. It
requires the commitment of the
investigators and the support of
their institutions, but the payoff is
being able to offer new and better
therapies to patients.
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