Are your cost-effective? \\\ FRESENIUS

Learn more about generic Gadolinium-Based Contrast Agents. caring for life

New Applications of Nanotechnology for

Neuroimaging
G. Suffredini, JE. East and L.M. Levy

AINR Am J Neuroradiol 2014, 35 (7) 1246-1253
doi: https://doi.org/10.3174/gjnr.A3543

This information is current as http://www.ajnr.org/content/35/7/1246

of April 16, 2024.


http://www.ajnr.org/cgi/adclick/?ad=57533&adclick=true&url=https%3A%2F%2Flinkprotect.cudasvc.com%2Furl%3Fa%3Dhttps%253a%252f%252fwww.genericcontrastagents.com%252f%253futm_source%253dAmerican_Journal_Neuroradiology%2526utm_medium%253dPDF_Banner%2526utm_c
https://doi.org/10.3174/ajnr.A3543
http://www.ajnr.org/content/35/7/1246

REVIEW ARTICLE

New Applications of Nanotechnology for Neuroimaging

ABSTRACT

G. Suffredini, J.E. East, and L. M. Levy
O=

SUMMARY: Advances in nanotechnology have the potential to dramatically enhance the detection of neurologic diseases with targeted

contrast agents and to facilitate the delivery of focused therapies to the central nervous system. We present the physicochemical

rationale for their use, applications in animal models, and ongoing clinical trials using these approaches. We highlight advances in the use

of nanoparticles applied to brain tumor imaging, tumor angiogenesis, neurodegeneration, grafted stem cells, and neuroprogenitor cells.

ABBREVIATIONS: amyloid beta = AB; NO = nitric oxide; NOS = nitric oxide synthase; PBCA = poly(n-butyl cyanoacrylate); QDots = quantum dots; SPIO =

superparamagnetic iron oxide

Recent developments in nanotechnology have important im-
plications for central nervous system imaging. These include
pre- and intraoperative tumor imaging to facilitate accurate tu-
mor characterization and resection, imaging of therapeutic stem
cell delivery and viability in vivo, differentiation of pseudopro-
gression and pseudoresponse in antiangiogenic therapy for glio-
blastoma multiforme, detection of early stages of neurodegenera-
tion, and advances in immunoimaging of the central nervous
system. In this review, we will describe animal models, current
and ongoing clinical trials, as well as future directions and impli-
cations for this exciting field.

GOLD NANOCAGES AND PHOTOACOUSTIC IMAGING

Gold nanocages are a novel class of optically tunable nanopar-
ticles developed in the past decade." These nanoparticles are
highly porous, hollow, cube-shaped structures with edge length
measurements between 30 and 200 nm.> Their surface plasmon
resonance peaks can be tuned to have maximal optical absorption
in the near-infrared spectrum. This spectrum is often referred to
as the optical window of biologic tissues because in this spectrum,
light attenuation by soft tissue and blood is low.”> Gold nanopar-
ticles have been actively investigated for their role as optical and
photoacoustic imaging contrast agents.*”” The synthesis of gold
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nanocages and control of their surface plasmon resonance peaks
has been reviewed.®

Photoacoustic tomography imaging is a hybrid technique that
combines optical and sonographic imaging modalities and de-
tects absorbed photons sonographically. This technique is based
on the photoacoustic effect, in which energy absorption in the
form of electromagnetic waves (optical and radio-frequency
waves) can generate transient acoustic signals in a medium.” Op-
tical and radio-frequency waves are the preferred waveforms used
in photoacoustic imaging because they have more favorable prop-
erties, including deeper tissue penetration and higher absorption
by contrast agents compared with other wave forms.” More im-
portant, photoacoustic tomography provides spatial-resolution
imaging at depths 50 times greater than optical imaging alone.”
Contrast agents such as gold nanocages can be tuned to have
enhanced absorptive properties in the near-infrared region,
which make them well-suited for photoacoustic imaging.>”

Effective systemic delivery of nanoparticle contrast agents to
interstitial tumor tissue relies on passive targeting through the
enhanced permeability and retention effect.'® Unique features of
tumors that contribute to this passive targeting phenomenon are
an increased microattenuation of vessels with widened gap junc-
tions and deranged lymphatic drainage.'® Intracellular delivery of
nanoparticles can be achieved by linking to their surface antibod-
ies or ligands (ie, albumin, transferrin, folate, lipoproteins, man-
nose, and others) to enable internalization by receptor-mediated
endocytosis of the nanoparticle by specific targeted cells.'!

Hollow gold nanospheres are effective photoacoustic con-
trast agents with the ability to depict brain blood vessels as
small as 100 um in diameter.” Following a single dose in a
mouse model, the nanospheres had distribution half-lives near



1.5 hours and elimination half-lives of nearly 71 hours and no
evidence of systemic toxicity.

A novel application of photoacoustic imaging using gold
nanocage contrast enhancement is accurate 3D imaging of brain
tumors. Currently, a major limitation to gadolinium-based con-
trast imaging of brain tumors is the inaccurate margins encoun-
tered intraoperatively due to the disruption of the blood-brain
barrier by surgery. Trimodal imaging by using MR imaging, Ra-
man, and photoacoustic imaging by gold nanocage contrast en-
hancement provided highly accurate tumor description in a mu-
rine model, including delineation of the tumor parenchyma
interface and microscopic tumor foci pre- and intraoperatively.®

These trimodal nanoparticles are composed of a 60-nm gold
core, directly covered by a Raman active layer (trans-1.2[4-pyri-
dyl]-ethylene). A 30-nm silica coating covers the Raman layer as a
protective layer and maleimide—gadolinium-tetra-azacyclodode-
canetetra-acetic acid is linked to the silica layer. These nanopar-
ticles accumulate in tumor via the enhanced permeability and
retention effect preoperatively and are available as contrast for
hours after the initial injection because of their long half-life. Be-
cause the contrast accumulates preferentially in tumor tissue and
does not redistribute during surgical disruption of the blood-
brain barrier, these contrast agents allow more precise tumor re-
section than resection with gadolinium-based contrast agents.®

EVALUATION AND VALIDATION OF ANTIANGIOGENIC
THERAPY
Antiangiogenic therapy has broad applications in cancer therapy,
and the angiogenesis inhibitor bevacizumab has been used in the
treatment of recurrent glioblastoma.'>'? Angiogenesis imaging is
important to identify patients who would benefit from antiangio-
genic therapies and to monitor treatment response. To date, there
have been no well-validated radiologic markers to serve these pur-
poses. Current assessment of tumor response via MR imaging is
complicated by the “pseudoresponse” phenomenon, in which the
treatment decreases the permeability of blood vessels giving the
radiologic appearance of decreased enhancement on T1-weighted
images, which may not reflect a true tumor response.’**>

Ferumoxytol is a superparamagnetic iron oxide (SPIO) nano-
particle that is approved for iron replacement therapy in patients
with chronic kidney disease.'® Ferumoxytol acts as a “blood pool”
agent, indicating that it is confined to the vascular compartment
for hours after administration and will not extravasate in the pres-
ence of a compromised blood-brain barrier. Ferumoxytol was
recently investigated for its potential superiority to gadolinium to
distinguish pseudoprogression from true tumor progression in
patients with glioblastoma multiforme by comparing relative ce-
rebral blood volume estimated from dynamic susceptibility-
weighted contrast-enhanced MR imaging. Ferumoxytol was sig-
nificantly more sensitive in detecting tumor progression and
differentiating pseudoprogression compared with gadolinium
(Fig 1)."” There are several clinical trials currently evaluating the
efficacy of ferumoxytol as an MR imaging contrast agent in eval-
uating brain malignancies (Table).

Other markers for targeted contrast agents include endothelial
surface adhesion molecules whose over-expression is associated
with vascular proliferation in tumor growth. The «, 3, integrin is

associated with neovascular proliferation and has been used as a
target to monitor angiogenesis.'®' Optical imaging in the near-
infrared window (650-900 nm) with a functionalized cyclic fluo-
rophore was recently shown to target overexpressed integrin re-
ceptors, enabling near-infrared fluorescent imaging of tumor
tissue and tumor margins in both murine and human glioblas-
toma models.”* Because low-grade gliomas also express low levels
of the B, integrin receptor, this functionalized cyclic fluoro-
phore also has the potential to image low-grade gliomas.>® Cur-
rently, a clinical trial in the recruitment phase is investigating the
use of a functionalized cyclic fluorophore (IRDye800CW) conju-
gated to bevacizumab to determine its uptake and localization in
breast tissue, surrounding healthy tissue, tumor margins, and
lymph nodes.**

DETECTION OF NITRIC OXIDE

Nitric oxide is an inorganic gaseous molecule that is produced
from L-arginine by nitric oxide (NO) synthase. NO has a number
of physiologic functions related to neurotransmission and neo-
vascularization and may contribute to neurotoxicity associated
with tissue injury, apoptosis, and ischemia.>>*° It is important in
the generation of nitrotyrosine, which is implicated in the pro-
gression of Alzheimer disease and Parkinson disease.”” As such,
the detection of NO in biologic systems is an important area of
research.

Classic methods used for detecting nitric oxide include spec-
troscopic and fluorescent dyes that rely on the reaction of NO
with other molecules.®® A central limitation of these detection
methods is their inability to measure NO concentrations in 3D.
Multidimensional in vivo NO monitoring has been achieved by
using amperometric trimethylsilane conjugated platinum nano-
disks.”>*® This nanoscale sensor method was able to detect NO-
producing neurons in a mouse model and was validated by im-
munohistochemistry (Fig 2). Although this method requires long
acquisition times (~100 minutes) and is limited to surface scan-
ning, it has the potential to correlate NO production and disease
states for diagnostic purposes in humans.

Positron-emission tomography imaging of endotoxin-in-
duced nitric oxide synthase activation in the lungs of healthy vol-
unteers is currently under investigation.” In this investigation
['®F](*) nitric oxide synthase (NOS) is the radioactive drug that
targets inducible nitric oxide synthase. Alternative investigations
may seek to target the delivery of radioactive imaging agents such
as ['®F](+)NOS to the CNS in patients who have Alzheimer dis-
ease, Parkinson disease, and other degenerative neurologic con-
ditions in which nitric oxide is thought to play a central role in
neural toxicity. Such an experiment could involve the delivery of
agents such as ['®*F](=)NOS in a vehicle such as poly(n-butyl
cyanoacrylate) (PBCA) nanoparticles coated with the surfactant
polysorbate 80 PBCA that would bypass the blood-brain barrier.

STEM CELL TRACKING WITH MR IMAGING
Regenerative therapy by using adult neuronal stem cells may have

2 ischemic,® and

therapeutic potential in neurodegenerative,’
traumatic>* brain injuries as well as systemic diseases such as di-
abetes.>® Adult neurogenesis is restricted to the subgranular zone

of the hippocampal dentate gyrus and to the subventricular zone
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FIG 1. Dynamic susceptibility contrast MR imaging comparing gadoteridol and the iron oxide nanoparticle ferumoxytol in the evaluation of
treatment response to standard radiochemotherapy for glioblastoma multiforme. RCT indicates regression after radiochemotherapy. TI-
weighted MR imaging before (A, E, and /) and after (B, F, and J) gadoteridol (Gd) administration. A and B, MR imaging after surgery but before RCT
demonstrates an area of enhancement in the right temporal lobe (arrow). Relative cerebral blood volume (rCBV) in the enhancing area was lower
on the Gd-rCBV parametric map (C) compared with the ferumoxytol (Fe)-rCBV map (D) (bold arrow). E and F, MR imaging after completion of
RCT revealed decreased enhancement (F, arrow) with low rCBV on Gd-rCBV (G) and Fe-rCBV parametric maps (H) (arrow). | and J, MR imaging
14 months after completion of RCT showed resolution of enhancement. K, First-pass time-intensity curves of the perfusions in C and D
demonstrate postbolus increasing signal above the baseline when Gd was used, while ferumoxytol postbolus signal intensity is below the
baseline and remains stable. Reprinted from Int/ Radiat Oncol Biol Phys, Volume 79(2):514-23, Gahramanov S, Raslan AM, Muldoon LL. Potential
for Differentiation of Pseudoprogression From True Tumor Progression With Dynamic Susceptibility-Weighted Contrast-Enhanced Magnetic

Resonance Imaging Using Ferumoxytol vs. Gadoteridol: A Pilot Study. Copyright 2011, with permission from Elsevier.

adjacent to the lateral ventricles.’® Current methods for neuronal
regeneration include the use of scaffolds,”” transcription fac-

8 or direct stem cell implantation.>® Noninvasive in vivo

tors,>
imaging of these stem cell-based therapies is important to guide
treatment as well as to evaluate the therapeutic effect in animal
models and, eventually, patients.

MR imaging is well-suited for this goal and has been shown to
be safe and effective in clinical trials tracking cells labeled with
superparamagnetic iron oxide nanoparticles.** The SPIO nano-
particles are biocompatible and are degraded through the normal
iron metabolism mechanisms in the body.*' Clinical trials based
on this approach include labeling and tracking of dendritic cells in
immunotherapy of melanoma, autologous neural stem cells in
traumatic head injury, bone marrow stem cells in chronic spinal
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cord injury, and cadaveric islet cells infused intraportally in the
liver.*°

The utility of SPIO nanoparticles for long-term in vivo cell
tracking was investigated in allogeneic neural stem cell transplants
performed in wild type (graft rejecting) BALb/c and immunode-
ficient (graft accepting) Rag2 mice.** SPIO-loaded neural stem
cells were implanted in the corpus callosum of both sets of mice,
and the progenitor cells were allowed to grow for 95 days while
being monitored by MR imaging, immunohistochemistry, and
bioluminescence.

The rate of MR signal decline defined 2 populations of cells.
The early disappearance of the MR signal was associated with cell
proliferation, thus diluting the amount of contrast per cell. The
prolongation of the MR signal was associated with cell death and



Application of ferumoxytol as an MR imaging contrast agent in evaluating brain malignancies

Study Title Phase Clinical Trial Description
Imaging vascular properties of pediatric brain 0 To assess the safety and effectiveness of
tumors using ferumoxytol and gadolinium in a ferumoxytol in improving the ability to image
single imaging session; an NCl-sponsored pediatric brain tumors
exploratory trial (code 7228) (NCT00978562)"°
MRI using ferumoxytol in patients with primary 2 Characterization of vascular properties of tumors

brain cancer or brain metastases from lung or
breast cancer; an NCl-sponsored
multidisciplinary study (NCT00103038)"

Magnetic resonance (MR) imaging study using ferumoxytol to assess
early tumor response in patients with
glioblastoma multiforme (code 7228)
(NCT00660543)"
Ferumoxytol and gadolinium magnetic resonance
imaging (MRI) at 3T and 7T in patients with
malignant brain tumors (NCT00659126)°

Assessing dynamic magnetic resonance (MR) imaging in patients with
recurrent high grade glioma receiving
chemotherapy (code 7228) (NCT00769093)"”
MR, histologic and EM imaging of intravenous
ferumoxytol in central nervous system (CNS)
inflammation (NCT00659776)"®

in the CNS using ferumoxytol for dynamic-
susceptibility contrast MRI to compare with
those obtained using a gadolinium-based
contrast agent for dynamic contrast-enhanced
imaging in a single MR imaging session; imaging
properties will be assessed longitudinally with up
to 6 imaging sessions for 2 years

1 Evaluating the ability of ferumoxytol to assess
effective early treatment response in
glioblastoma multiforme using dynamic
perfusion, BBB permeability measurement

2 Comparing dynamic perfusion, BBB permeability
measurement in 2 different magnetic fields
(3T and 7T) in the evaluation of brain tumors;
gadolinium and ferumoxytol will be used as
contrast agents

1 Evaluation of imaging changes induced by
bevacizumab with dexamethasone in patients
with high-grade glioma

2 Evaluation of the safety and efficacy of
ferumoxytol

phagocytic contrast retention. The authors of the study note that
this finding was unexpected and may be related to the cell line
used or the method of stem cell implantation (eg, direct implan-
tation into the parenchyma or via the CSF). Thus, although short-
term in vivo SPIO-labeled cell imaging is considered accurate, the
long-term accuracy of SPIO-labeled cell imaging is complex and
the authors of this study suggested that it be used only if the
viability of the implanted cells is known.

A clinical trial pilot study is currently under investigation to
assess the utility of MR imaging in tracking intravenously deliv-
ered SPIO-labeled stem cells in healthy human volunteers for pe-
riods of up to 1 week.*?

NONINVASIVE DETECTION OF NEURAL PROGENITOR
CELLS IN LIVING BRAINS BY MR IMAGING

Pericytes are a source of adult multipotent progenitor cells** lo-
cated in the central nervous system between the inner and outer
vascular basement membrane of CNS capillaries, and they func-
tion in the regulation of brain capillary blood flow, angiogenesis,
and blood-brain barrier maintenance.*>*” Recently, noninvasive
imaging of neural progenitor cells during angiogenesis was dem-
onstrated in a bilateral carotid artery occlusion murine model by
using gene transcript—targeted MR imaging contrast agents. In
this ischemic brain injury model, SPIO nanoparticles, modified
with micro DNA targeting actin and nestin messenger ribonucleic
acid (the latter uniquely expressed by pericytes), were adminis-
tered to mice after bilateral carotid artery occlusion to image ves-
sel formation by the detection of cerebral pericytes.*® The dual
gene transcript—targeted MR imaging successfully identified peri-
cytes in living brains. Angiogenesis is dysregulated in several dis-
ease states including Alzheimer disease® and diabetes mellitus,>

and the ability to image CNS pericyte activity in vivo may allow
real-time longitudinal monitoring of angiogenesis in these disease
states.

ENHANCED BRAIN DELIVERY OF BLOOD-BRAIN BARRIER

IMPERMEABLE PROBES FOR OPTICAL AND MR IMAGING

Polymeric nanoparticles describe both nanospheres and nano-
capsules. These are sphere-like structures composed of biode-
gradable polymers, and they contain a payload delivery confined
to a central cavity”" or dispersed within a matrix, respectively (Fig
3).>* Nanoparticles composed of poly(n-butyl cyanoacrylate)
coated with the surfactant polysorbate 80 can bypass the BBB by
binding to apolipoprotein E followed by adhesion and receptor-
mediated transcytosis via the low-attenuation lipoprotein recep-
tor present on BBB endothelial cells.>*>* This phenomenon has
the potential to allow in vivo molecular imaging. Studies describ-
ing nanocarriers traversing the BBB have, in large part, relied on
postmortem analysis; however, recently the delivery of BBB im-
permeable molecular imaging contrast agents for in vivo micros-
copy and MR imaging has been performed.>® In this study, the
delivery of a series of compounds known not to cross the BBB in
their native state, including a DNA-binding dye bisBenzimide
used to monitor neuronal nuclei; Texas red dextran, a targeted
probe for imaging lesions characteristic of Alzheimer disease; and
tryptan blue, a plaque-binding red fluorescing diazo dye, were
delivered intravenously as 2 formulations: native species and en-
capsulated in polysorbate 80—coated PBCA nanoparticles. Each
compound was found to traverse the BBB when encapsulated in
polysorbate 80 —coated PBCA nanoparticles and was found not to
traverse the BBB when delivered in native form. Furthermore,
the delivery of gadolinium-based MR imaging contrast agents
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FIG 2. Real-time in vivo nitric oxide imaging with corresponding immunohistochemical analysis
of neuronal NO synthase immunoreactive (NNOS-IR) cells. In vivo NO measurements and immu-
nohistochemical analysis of nNOS-IR cells. A, A NO concentration image acquired over the
cortical surface of a 600 X 500 um? region. Higher NO concentrations are shown in lighter color,
whereas lower NO concentrations are shown as a darker red. B, A thresholded image of A. The
highest 10% NO concentrations of the entire concentration range are illustrated in white, whereas
the other lower concentrations are in red. There are 5 distinct sections with high NO concentra-
tions (labeled 1-5). C, A confocal microscopy image of nNOS-IR cells. The locations of yellow-
circled cells are well-matched with the sites exhibiting relatively high NO concentrations in A. D,
Five distinct nNOS-IR cells are plotted on the basis of the location information in the x- and
z-axes. Each gray-scaled bar represents a corresponding single NNOS-IR cell. The color of each bar
reflects the intensity of immunoreactivity (ie, darker color indicates strong immunoreactivity).
The highest NO concentration measured in each section (labeled 1-5) is plotted as a function of
E, the corresponding nNOS- IR cell size; the vertical cell location (depth) (F); and the immunore-
activity intensity of the cell (G) in the confocal image. E-G, The NO concentration means the
highest NO level within each localized site. The NOS-IR cell size means the largest diameter of each
cell observed in the confocal image. The cell location in depth means the vertical distance from the
cortical upper surface to the cell center position. The inversion recovery intensity means the highest
fluorescence intensity measured by confocal microscopy within each cell. Reprinted with permission
fromJo A, Do H, Jhon GJ, et al. Electrochemical nanosensor for real-time direct imaging of nitric oxide
in living brain. Anal Chem 83:8314-19. Copyright 2011, American Chemical Society.

Nanobodies can detect vascular and pa-
renchymal amyloid beta (AB) deposits
in vivo to differentiate cerebral B-amy-
loid indicative of Alzheimer disease and
vascular AB plaques associated with ce-
rebral amyloid angiopathy.®®

With the transgenic Alzheimer Dis-
ease Cerebral Amyloid Angiopathy
(AD/CAA) mouse model, 2 distinct AB
targeting nanobodies, ni3A and pa2H,
were administered to evaluate their abil-
ity in vivo to differentially detect vascu-
lar or parenchymal amyloid- deposits
and their ability to cross the blood-brain
barrier. In vivo specificity for AB was eval-
uated in this mouse model by direct topi-
cal application or intracarotid coinjection
with mannitol with a fluorescently labeled
nanobody. The in vivo murine models
showed that both ni3A and pa2H had af-
finity for parenchymal and vascular de-
posits. However, in vitro topical applica-
tions to human brain tissue of patients
with AD/CAA showed ni3A to specifically
target only vascular ApB.

Although there are specific active
transport mechanisms known to be in-
volved in the transport of nanobodies
across the blood-brain barrier,®® the
nanobodies in this study were observed
to have a limited ability to cross the BBB.
Limited in vivo BBB passage was postu-
lated by the authors to be due to low
concentrations of nanobodies, low cir-
culation time, or possibly a paucity of
active transport receptors involved in
BBB transport in this mouse model.®
Future methods, such as nanobodies en-
capsulated in polysorbate 80—coated
PBCA nanoparticles, could be used to
increase in vivo BBB passage.
QUANTUM DOTS
Quantum dots (QDots) are 10- to 20-nm
nanoparticles that consist of semiconduc-
tor material surrounded by a polymer

encapsulated in polysorbate 80—coated PBCA nanoparticles
enhanced brain delivery of the contrast agent several hundred-
fold compared with delivery of free gadolinium, indicating the
future possibility of targeted MR imaging contrast agents into
the brain.

NANOBODIES

Nanobodies are a class of antibodies initially discovered in serum
of the camel species Camelus dromedarius. They consist of heavy
chains only and have desirable features such as small size, de-
creased immunogenicity, and high binding affinities.>® Nano-

5728 antiven-

60-64

bodies have been designed for use in cancer therapy,

9 )

oms,” inflammatory conditions,’® and immunoimaging.
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shell. The polymer shell can then be functionalized; this process al-
lows the linking of any number of biologically relevant molecules
(oligopeptides, antibodies, and so forth) to the surface. These func-
tionalized quantum dots have had applications in cellular imag-

ing,67,68

protein detection,®® and cancer immunology.” Because of
their unique charge-carrying abilities, QDots possess molar extinc-
tion coefficients 10-50 times greater than typical organic dyes and
arealso up to 20 times brighter.”" Additionally QDots have decreased
rates of photobleaching, which lends them to being well-suited for
biologic imaging.

By varying the semiconductor material contained within
quantum dot nanoparticles, one can manipulate the wavelength



Membrane

Nanocapsule

Nanosphere

FIG 3. Schematic representation of the structure of a nanocapsule
and a nanosphere. This research was supported by the Intramural
Research Program of the National Institute of Neurologic Disor-
ders and Stroke at the National Institutes of Health. The image is in
the public domain and credited to the National Institutes of
Health/Department of Health and Human Services.

that is emitted on excitation to skew emissions to the near-infra-
red portion of the electromagnetic spectrum. This region is opti-

mal for deep-tissue imaging due to the optical characteristics of
biologic tissue.’

Recently, a quantum dot fluorescent probe designed to target
the epidermal growth factor receptor was evaluated for its ability
to differentiate tumor cells from normal brain parenchyma in
tumor biopsies of low-grade glioma.”” In this study, quantum
dots were conjugated to epidermal growth factor as well as mono-
clonal antibodies directed against the epidermal growth factor
receptor and were evaluated for their ability to differentiate nor-
mal brain parenchyma from human glioma ex vivo (Fig 4). Tu-
mor cells could be visualized from the macroscopic level, and this

result indicated that quantum dot—targeted fluorescent probes

could be used intraoperatively to assist in discerning tumor tissue
from normal parenchyma in the resection of low-grade gliomas.

CONCLUSIONS

Nanotechnology is an exciting and burgeoning field that will
greatly impact medical diagnostics and therapeutics across many
medical specialties in the coming age of personalized and targeted
medicine. These impacts will likely be seen in areas of stem cell
therapy, immunoimaging and immunotherapy, enhanced pre-
and intraoperative brain tumor characterization, and targeted
payload delivery to the CNS.

The clinical development of neural stem cell therapies will
require accurate tracking of their in vivo location and viability.
SPIOs appear well-suited for this need. The delivery and monitor-
ing of therapeutic stem cells is likely to play an important role for
interventional and diagnostic radiologists in the treatment of au-
toimmune and degenerative diseases, including diabetes, multiple
sclerosis, Parkinson disease, Alzheimer disease, amyotrophic lat-
eral sclerosis, and spinal muscle atrophy.

Nanobodies are less immunogenic than monoclonal antibod-
ies, are easy to produce, and can cross the BBB by their own
unique mechanisms, opening up numerous opportunities for im-
munoimaging of the CNS and expanding the role of radiologists
in molecular-based diagnostics of the CNS.

The pre- and intraoperative imaging of brain tumors with
multifunctional nanoparticles combining photoacoustic, Raman,
and MR imaging and/or QDots may facilitate more accurate tu-
mor characterization and resection. Furthermore, ferumoxytol, a
blood pool agent, has shown great potential in distinguishing
pseudoprogression and pseudoresponse from true tumor pro-
gression and true treatment response in glioblastoma.

FIG 4. MR imaging and quantum dot (QD)-probe digital macroimages from glioblastoma multiforme, grade IV biopsy. Example of QD targeted
to epidermal growth factor receptor (EGFR) to discriminate tumor tissue from normal parenchyma at the margin of a resected glioblastoma
multiforme. A, Tl-weighted MR axial image shows gadolinium-positive signal. B—E, Digital macrophotographic images of ex vivo stained biopsies
from the resected tumor and adjacent brain tissue stained with targeted QD probes obtained with the same magnification and the same
exposure times. B, Tumor tissue 625QDStAv-biotin-MAb528 EGFR staining. C, 625QDGAMIG-MAb 199.12 EGFR staining. D, Adjacent brain
625QDStAv-biotin-MAb528 EGFR staining. E, Invading tumor tissue, 625QDStAv-biotin-MAb528 EGFR staining. Excitation, 365 nm; emission,
>450 mm; objective, 5X numeric aperture 0.15; bar Tmm. Note that D serves as the control for B (ie, stained with the same probes under identical

conditions). (Copyright © 2010 Kantelhardt al.”?)
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The ability to accurately bypass the BBB with PBCA nanopar-
ticles coated with polysorbate 80 and to deliver a payload such as
a contrast agent or drug is no doubt an important and unique
feature of nanobased applications that yields myriad possibilities
for future treatment and imaging of the CNS.
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