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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 via magnetic 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.

For a technology to be described as nanoscale varies according to discipline from a few
nanometers to hundreds 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 translation and
the development of clinically relevant therapies.

This Perspective is far from comprehensive, but focuses on the potential impact and
challenges of translating some nanomaterials. Two of the areas in which nanomaterials can
have and are having therapeutic impact are the tracking and delivery of treatments. 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 possible. These challenges include dealing with concerns about toxicity during
the processing and delivery of materials, assessments of biodistribution over time as a

Erin.lavik@case.edu, 216-368-0400, Hav1@case.edu, 216-368-5513.
Suggested Pull Quotes:
One of the tremendous areas of growth in research involves using nanomaterials both as imaging agents to identify tumor cells and as
drug-delivery vehicles.
Looking for the biodistribution as well as off-target effects early in the bench studies helps to shorten the time to translate the
technology.
Translating technology does not mean abandoning basic research and the fundamental questions posed. Basic and translational
research can move in parallel and thrive on each other.
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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 nanomaterials 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 our days talking about the potential of our new
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 from 1968. There are treatments 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 they need to take responsibility for this
translation. The model of investors swooping in, developing the technology and taking it all
the way from preclinical testing through to approval and commercialization is becoming
more rare. The further one can move a technology 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 therapies? The
answer is an all too frustrating “perhaps”, but there are some basic concepts that, when
considered at the bench, help to move therapies to the clinic more efficiently.

Using Nanomaterials to Track Treatments
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 including the administration of mesenchymal 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 diseases in clinical trials
ranging from myocardial infarction4 to the modulation of graft versus host disease5 and
multiple sclerosis.6 In preclinical work, the hypothesis was that intravenous 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 determine the
best routes of administration, but they have seen that the mechanism of the cells may have
been at least in part one of immunomodulation 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 fluorescent protein or a
similar molecule and to characterize their distribution 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 mechanism of action that facilitates moving to Phase II
trials.
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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 visualized. Iron oxide
nanoparticles have been used to track donor cells in preclinical trials11–13 and several
clinical trials are underway. One clinical trial, based in Israel, focused on MSCs for the
treatment of multiple 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 nanoparticles are non-functionalized and rely on either passive endocytosis or the
use of cell permeation techniques to promote the internalization of the particles 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 investigating 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 issues as well as safety issues that
must be considered. The early expectations of these particles were that if the cells containing
them died, the particles would be cleared readily by the immune system. This is likely in a
number of tissues, but the particles may not always be cleared quickly, especially 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, there may 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 Treatments
Nanomaterials may accelerate the translation of therapies by improving their tracking, as in
the case of cellular therapies. Nanomaterials 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 because they have the potential to reach tumors throughout
the body in areas that are not amenable to other approaches. One of the tremendous areas of
growth on the research side involves using nanomaterials both as imaging agents to identify
tumor cells and as drug-delivery vehicles. These techniques are tremendously exciting and
build on the drug-delivery approaches described here, often in conjunction with the some of
the imaging approaches noted above.

Delivering drugs with nanomaterials is far from new. For millions of years, viral
nanoparticles have successfully delivered their payloads. In recent years, we have begun to
catch up, albeit very slowly. One of the best-known nanoparticle delivery systems is Doxil, a
PEGylated liposomal formulation of doxorubicin. 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 circulation time, size of the liposomes, and
PEGylation are designed to facilitate passive diffusion through the enhanced permeation and
retention (EPR) effect associated with the leaky vessels in tumors. Doxil is approved for the
treatment of ovarian and breast cancers as well as Kaposi’s sarcoma. While in many ways it
is an excellent example of the benefits of nanomaterials for therapy (longer delivery, greater
efficacy, and simple intravenous 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
condition is found with the nanoparticle formulation and is not seen with the free drug. The
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condition 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 targeting the particles to increase the concentration of the drug at the site of
interest while reducing the systemic side effects. BIND Biosciences is using an aptamer
targeting prostate cancer cells in their nanoparticle delivery system for docetaxel (Clinical
trial identifier NCT01300533). In animal 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 systemically, but
with the targeting moiety, a greater number of particles were seen in the tumor.20

Aptamers are attractive targeting molecules because they exhibit reasonably high affinity
and specificity while being more stable than antibodies under a number of conditions.21

Their development has played an important role in developing targeted nanoparticles for
therapeutic interventions, particularly 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, specific markers. It is critical from a basic research perspective that
we investigate targeting molecules for other cancers and apply these targeting moieties to
therapies.

In the meantime, other groups and companies are looking to provide localized therapy by
combining nanomaterials with other modalities. Nanospectra Biosciences, Inc. has a Phase 1
clinical trial underway for patients with 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 the EPR
effect associated with leaky vessels. A near-infrared laser is used to heat up the particles and
to kill the tumor. The specificity is driven by the need to combine the particles with the laser
to achieve toxicity.22,23 It is a different approach to killing cells that has the potential to
work in tumors where targeting moieties are not available.

Much of the work on nanomaterials for drug delivery is extremely promising, but not every
targeted formulation has performed well in clinical trials. Cisplatin, the long-used
chemotherapy agent is associated with a host of dose-limiting side effects including
nephrotoxicity. 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 cancer. Lipoplatin is a relative of Doxil in that it is a
PEGylated liposomal system with no specific targeting components. The liposomal
formulation permitted higher dosing (200 mg/m2 for the lipoplatin versus 75 mg/m2 for
cisplatin) and showed significantly less nephrotoxicity (6% versus 40%), but the median
survival time was not affected.24 Nonetheless, this is an encouraging finding. The
nephrotoxicity of cisplatin is devastating, and being able to administer 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 limited efficacy has been that the liposomes do
not effectively release the drug at the tumor sites. To address this issue, liposomes were
fabricated with an enzymatically degradable unit sensitive to phospholipase A2, which exists
in high concentrations around tumors.25 The concept behind delivery of an enzymatically
targeted system is intriguing and preclinical work showed reduction in tumors with minimal
side effects noted beyond weight loss (5% in the liposomal group versus 3% in the control
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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 infusion 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 combination 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 translation
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 interest.
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 complications. Looking for the biodistribution as well
as off-target effects early in the bench studies helps to shorten the time to translate the
technology (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 promise.
However, if we look at these issues from day 1 at the bench, then successful technologies
will be more likely to move 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 a material that is 10 nm with 10 targeting moieties that is successful but the
20 nm version is not, one needs to be able to scale up the relatively precise 10-nm system.
This is easier said than done. The techniques most of us use at the bench are not typically
industrially friendly. A low yield of a system for a proof-of-principle study is fine, but if it
takes another 10 years to get the system to volumes needed 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 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 technology does not mean abandoning basic research and the fundamental
questions posed. Basic and translational 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 regarding safety. In 2007, the
FDA released a report of the nanotechnology 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 nanoparticles.31 The very things that make nanomaterials so
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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 pharmacokinetics and pharmacodynamics as the length scales of
materials change as well as the potential for novel biological interactions. They
recommended careful characterization of nanomaterials 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 biodistribution
and clearance is an important first step toward determining the potential biological
interactions nanomaterials may have in vivo. Just as nanomaterials 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 tremendously
intimidating and time-consuming process that often has far less appeal than the initial proof-
of-principle work. It would be wonderful 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
shepherd 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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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
noninvasive 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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