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ABSTRACT A major challenge in the development of central
nervous system drugs is to obtain therapeutic effective drug
concentrations inside the brain. Many potentially effective
drugs have never reached clinical application because of
poor brain penetration. Currently, devices are being developed
that may improve drug delivery into the brain. One approach
involves the encapsulation of drugs into nanocarriers that are
targeted to the brain, where the drug is released. Alternatively,
living cells have been engineered to produce the pharmaceutical
of interest at the target site. It is important to follow the
fate of these drug delivery devices inside the body to verify
their efficiency in reaching the brain. To this end, both ex-vivo
approaches and in-vivo imaging techniques are used, including
ex-vivo biodistribution, autoradiography, MR, optical imaging,
PET and SPECT. All these methods have their specific
advantages and limitations. Consequently, selection of the
tracking method should be based on the specific aims of
the experiment. Here, we will discuss the methods that
are currently applied for tracking brain drug delivery devices,
including the most commonly used labels and labeling
procedures for living cells and nanocarriers. Subsequently,
we will discuss specific applications in tracking drug delivery
devices.
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ABBREVIATIONS
['®FFDG 2" "®F)fluoro-2"-deoxyglucose

['®FFHBG 9-[4-["®FJfluoro-3-(hydroxymethylbutyl]
guanine

['®FHFB hexadecyl-4-[' ®Ffluorobenzoate

[**CulPTSM [**Culpyruvaldehyde-bis-
(N4-methyl-thiosemicarbazone)

[ TJHMPAO [P TcJhexamethylpropyleneamine oxime

BBB blood-brain barrier

BRET bioluminescence resonance energy transfer
CED convection enhanced delivery

CT computed tomography

DOPE |,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine

DTPA diethylene triamine pentaacetic acid

eGFP enhanced green fluorescent protein

FMT fluorescence molecular tomography

GFP green fluorescent protein

GRID gadolinium rhodamine dextran

HSV-tk thymidine kinase of herpes simplex virus
MRI magnetic resonance imaging

NSCs neural stem cells

PET positron emission tomography

QDs quantum dots

RFP red fluorescent protein

SPECT single photon emission tomography
SPIO super-paramagnetic iron oxide

S-TRAIL secreted form of an apoptosis inducing ligand
USPIO ultra-small super-paramagnetic iron oxide
Vy volume of distribution
INTRODUCTION

Many potential drugs for the treatment of brain diseases
show excellent wn-vitro effects, but do not reach application in
patients. The high failure rate of initially promising drug
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candidates is often caused by insufficient delivery of the drug
into the brain, resulting in drug concentrations that are too
low to be therapeutically effective (1). To enhance efficacy, a
drug can be administered directly into the brain via
intracerebroventricular or intracerebral injection. However,
major drawbacks of these approaches are invasiveness and
limited penetration of drug from the injection site toward
surrounding brain tissue. Even when the delivery of the drug
is facilitated by nanocarriers, the drug-penetrated tissue area is
rather small. Consequently, intracranial injection of drugs is
only suitable for treatment of brain disorders that are confined
to a specific region within the brain, such as in primary brain
tumors, stroke, and Parkinson’s disease (2,3). Alternatively,
brain delivery of drugs can be achieved via intravascular
administration. This approach is much more patient-friendly
and, once transported over the blood—brain barrier (BBB), the
drug can literally reach every neuron in the brain (4).
However, delivery of drugs from blood into brain is
often hampered by poor penetration of the BBB, especially
in case of hydrophilic and macromolecular drugs.

DRUG DELIVERY (IN)TO THE BRAIN

Accumulation of a drug into the brain could theoretically be
enhanced by administration of higher doses of the drug.
This strategy, however, would also increase the exposure
of peripheral organs, thereby enhancing the potential risk of
toxic side effects. Therefore, different approaches to selectively
increase drug accumulation in the brain have been developed
(1). The first strategy relies on the incorporation or
encapsulation of the drug into brain-targeting nanocarriers.
When a lipophilic drug has to be delivered, binding of the
drug-loaded nanocarrier to brain endothelium will suffice, as
molecular exchange between nanocarrier and apical
(blood-facing) cell surface will allow the drug to enter the brain
via passive diffusion (Fig. 1). In case of hydrophilic or
macromolecular drugs (e.g. proteins, peptides, oligonucleotides),
the nanocarrier itself needs to cross the BBB and release its
contents once it reaches the brain parenchyma. A second
approach for improving drug delivery to the brain mnvolves
the use of living cells that are engineered to produce and
secrete the pharmaceutical agent after cellular translocation
across the BBB. This strategy primarily involves the use of
(ex-viwo) genetically modified (neural) stem cells that have
been shown to cross the BBB.

Nanocarrier-Mediated Drug Delivery
Nanocarriers are usually membrane-like vehicles with a
diameter between 1 to 1000 nm that enclose an aqueous

core. The membrane is often composed of a lipid bilayer
(liposomes), or amphiphilic synthetic block copolymers
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Fig. | Modes of facilitated drug delivery to the brain. (@) Lipophilic drugs
are release from a nanocarrier in the blood compartment of the brain
vasculature. The drug can subsequently penetrate the BBB by passive
diffusion. (b) A nanocarrier loaded with the drug penetrates the BBB.
Inside the brain parenchyma, the drug is released. (c) (Stem) cells are able
to penetrate the blood brain barrier, especially at the site of injury. The cells
can be genetically engineered with a gene that encodes for the therapeutic
drug. Inside the brain parenchyma the cells will express the therapeutic
gene and release the drug product.

(polymersomes). Alternatively, nanocarriers without an
aqueous core have been prepared, such as solid lipid
nanoparticles and solid polymeric nanoparticles. Besides
these artificial drug delivery devices, exosomes, 1.e. vesicular
structures of 40—80 nm produced by distinct cell types, were
recently also reported as delivery vehicles for siRNA (5). The
potential of using nanocarriers as drug delivery devices for the
brain has been extensively reviewed by Tiwari and Amiji (6).
Intrinsically, nanocarriers do not selectively target to the
brain. Therefore, specific peptides or antibodies that selectively
recognize endothelial cell surface receptors, capable of
engaging into transcytotic transport mechanisms, can be
coupled to the nanocarriers. In this manner, transport of
the carrier across the BBB would be specifically facilitated,
leading to an enhanced delivery of the drug into the brain.
Of potential interest in this regard are transferrin, insulin
and the dodecapeptide G23, which are transported across
the BBB via receptor-mediated transcytosis (7-9). Hence,
nanocarriers specifically engineered in this manner, and
displaying BBB transcytotic capacity following systemic
administration, may hold great promise for the treatment
of multifocal brain diseases, including brain metastases,
multiple sclerosis, Alzheimer’s disease, and amyotrophic
lateral sclerosis (10).

Cell-Based Drug Delivery

Many studies in animal models have shown that neural stem
cells migrate to sites of brain injury caused by e.g. a tumor
(11), neurodegeneration (12) or cerebral ischemia (13). In
these cases, stem cells transduced with a therapeutic gene
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could be an alternative strategy for drug delivery to the
pathologic brain (14). These engineered stem cells are either
injected into a peripheral vein or directly transplanted into
the brain by intracerebral or intraventricular injection. After
administration via intravenous injection, the number of cells
reaching the brain may be relatively small (11), because the
cells are trapped in the capillary network of internal organs,
in particular in the lungs (15-17). In addition to capillary
trapping, an interaction of the administered cells with cells
of the reticuloendothelial system likely also plays a role in
cell trapping, particularly in liver and spleen (15). However,
it has also been shown that the capillary trapping can be
alleviated using vasodilators (17,18). Thus this stem cell-based
approach warrants further exploration of the possibilities to
optimize the number of stem cells that reach the brain upon
intravascular administration, especially since prolonged
secretion of a drug from (genetically engineered) stem cells in
the brain may result in therapeutic levels of the drug.

MONITORING TRAFFICKING OF DRUG DELIVERY
DEVICES

To monitor the efficacy of delivery devices for brain-
destined drugs, physiological effects induced by the drug in
the brain could be monitored as surrogate endpoints of drug
concentration (19,20). Such indirect measurements of drug
delivery efficiency, however, would be prone to many
confounding factors and therefore are usually not very
sensitive. A more direct approach would be to measure
the concentration of the nanocarrier itself, as a measure
of transcytotic efficiency, or the concentration of the
drug, as a measure of delivery/release inside the brain.
Obviously, an adequate and sensitive methodology to
track nanocarriers is required to determine brain delivery
efficiency of these devices. Several i vivo and ex vivo approaches
have been applied so far.

Ex vwo detection of drug delivery devices in brain involves
the 1solation of the brain, followed by biodistribution studies,
autoradiography or fluorescence microscopy (21-23). In
general, ex vivo detection 1s commonly applied in animal studies,
although human post mortem material can occasionally also
be used (24). With appropriate (immuno)histological
labeling of brain tissue, the exact position of drug delivery
devices relative to the different brain structures and cell types
can be determined (25). A major disadvantage of ex vwo
detection methods is that the kinetics of drug delivery device
trafficking cannot be monitored in a longitudinal fashion.

In vivo detection methods are noninvasive and therefore
allow multiple imaging sessions that may provide information
on the changes in the distribution of nanocarriers and their
contents within a living organism over time. /n vivo imaging of
nanocarrier trafficking requires modification of the device

with a label that can be detected outside the body. Drug
delivery devices can be tracked i vwo over several hours, when
labeled with short-lived radioactive isotopes (17), or up to
several weeks or months, when labeled with magnetic beads
or reporter genes (26). Labeling of both the drug delivery
device and the loaded drug enables simultaneous assessment
of the fate of the carrier and the drug, thus providing
information on delivery device integrity and concomitant
drug release (27). Moreover, @ viwo imaging can help to
determine the optimal application route and dosing regimens
of the therapeutics.

In the next sections, we will briefly discuss the most
relevant noninvasive imaging methods currently applied
for monitoring migration of drug delivery devices.

NONINVASIVE IMAGING METHODS
Magnetic Resonance Imaging (MRI)

MRI is a high-resolution imaging technique that provides
excellent soft tissue contrast (28). In MRI, nuclei in a magnetic
field are excited to a high energy spin state by a radiofrequency
pulse. When these nuclei return to their low energy spin state,
the electromagnetic flux is measured and converted into
images. Two types of MRI images can be acquired: T1 and
T2-weighted MRI. T1l-weighted MRI is based on the
longitudinal (realignment) relaxation time of the excited
nuclei, whereas T2-weighted MRI is based on the transverse
(spin phase) relaxation time. The signal of both T1 and T2-
weighted MRI depends on the interaction of the relaxating
nucleus with its immediate environment. MRI usually meas-
ures the spin relaxation of protons present in water. However,
other atoms like 13(], %Na and *'P can also be used for MRI,
but these atoms generate a much weaker signal and are far less
abundant in vivo than "H. For in vivo tracking of specific probes,
different contrast agents have been applied to label cells and
molecules of interest (29). Two classes of contrast agents can
be distinguished: paramagnetic and super-paramagnetic.
Paramagnetic contrast agents, usually gadolinium complexes,
enhance the signal in T1-weighted MRI, whereas super-
paramagnetic contrast agents like iron oxide particles reduce
the T2 signal (Fig. 2). Super-paramagnetic contrast agents
generally generate a stronger signal than gadolinium and are
therefore often more sensitive.

Optical Imaging

Fluorescence and bioluminescence imaging are widely
applied optical imaging techniques today (30,31). In
fluorescence imaging, an external light source excites a
fluorescent probe inside an animal to a higher energy
state. The fluorescent probe subsequently returns to its
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Fig. 2 T2-weighted MRI of
C17.2 neural stem cells labeled
with iron oxide beads,
subcutaneously injected in rats.
(a). Control rat. (b). Rat
subcutaneously injected with 10°
and 10° C17.2 neural stem cells
that were labeled with 100 nm
fluidMAG-UC and 500 nm
screenMAG-hydroxyl beads.
(images were kindly provided by
K. Stojanov and 1.S. Zuhorn).

ground energy state by emission of light with a longer wave-
length (31). The emitted light is detected outside the animal by
a light sensitive camera. When multiple fluorescent probes are
used that emit light at different wavelengths, various processes
can be studied simultaneously using appropriate light filters.
The major limitations of fluorescence imaging are the contri-
bution of autofluorescence by tissue and poor penetration of
light through tissue (32). Therefore, fluorescence imaging is
mainly suitable for application in small animals. Two-
dimensional optical images preferentially show superficial ac-
tivity and cannot resolve depth. The nonlinear attenuation of
light by tissue makes quantification of optical imaging data a
complicated task. Tomographic optical imaging devices have
now been developed to overcome these limitations (33). Im-
proved quantification and volumetric localization can be
achieved using transmission images that can be generated with
light source-detector pairs at multiple angles (34).

In bioluminescence imaging (35), animals or specific cells
have been engineered to express a light-producing enzyme
(luciferase). Firefly luciferase is the most frequently used en-
zyme for bioluminescence imaging. In the presence of oxygen
and adenosine triphosphate, firefly luciferase oxidizes its sub-
strate luciferin, and produces yellow-green light with an emis-
sion peak of approximately 560 nm. Luciferases of other
species, such as click beetle, and luciferases that react with
different substrates, such as sea pansy (Renilla) and marine
copepod (Gaussia), have also been used (36). Bioluminescence
of firefly luciferase generates an emission spectrum of which
about 30% is above 600 nm. Although a major portion of the
light signal 1s absorbed and scattered by tissue, the low back-
ground associated with bioluminescence makes this technique
more sensitive than fluorescence imaging.

Nuclear Imaging

Positron emission tomography (PET) and single photon emission
computed tomography (SPECT) are nuclear imaging techniques
that can provide functional information about biochemical and
physiological processes. Both PET and SPECT imaging are
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based on the detection of radiation emitted by an intravenously
mjected radioactive tracer using a dedicated camera (37,38).
PET and SPECT differ in the radionuclide that is employed to
label the tracer and in the detection technology of the camera.
PET isotopes, such as ''C, "F and *'Zr, decay by emis-
sion of a positron, which travels a short distance in tissue.
When the positron has lost most of its energy, it annihilates
together with an electron, resulting in the formation of two
511 keV photons. These photons are emitted at an angle of
180° and are detected outside the body by the PET camera.
PET is highly sensitive, as detection sensitivity is in the pico-
molar concentration range. In PET, absorption of radiation
by the body can be compensated for by attenuation correc-
tion, using a transmission scan that is made with an external
radioactive source or a CT scan (for hybrid systems). A
major advantage of PET over other imaging techniques is
that it allows absolute quantification of the biochemical
parameter of interest by pharmacokinetic modeling.
SPECT imaging uses probes that are labeled with radio-
nuclides that emit single photons, such as "™ Tc, '''In and
'2%1, For localization of the origin of the photons, a collima-
tor is placed between the subject and the detector system. A
collimator is a perforated plate - usually lead or tungsten -
that can only be penetrated by photons that travel in the
same direction as the channels in the collimator. Because the
collimator blocks most photons, the sensitivity of SPECT 1is
about 2 orders of magnitude lower than that of PET. In
most systems, the collimator and detector rotate around the
subject in order to obtain data in three dimensions. Quan-
tification of SPECT data is a major technological challenge
(39). Nevertheless, in contrast to PET, multiple energy win-
dows can be used in SPECT, which allows simultaneous
imaging of different probes labeled with different isotopes.

LABELING METHODS

Since drug delivery devices generally do not display intrinsic
properties that allow their ex vivo detection or i vivo imaging,
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it is usually necessary to tag the drug carriers with a suitable
label to enable tracking of their  vivo distribution. Depend-
ing on the detection or imaging tool used, several labeling
methods are available. Before discussing specific applica-
tions, we will first briefly highlight the most commonly used
procedures to label delivery vehicles— being either cell-based
or artificial nanocarriers — as applied in brain delivery.

Direct Labeling Methods for Cell-Based Drug Delivery
Devices

Cell Labeling with MRI Contrast Agents: Gadolinium Complexes

For the purpose of cell tracking in the brain, neural stem
cells have been labeled with various gadolinium-based con-
trast agents, such as gadolinium-diethylene triamine penta-
acetic acid (Gd-DTPA) and gadopentetate dimeglumine
(40,41). After labeling, more than 90% of the stem cells
were still viable, as determined by a Trypan blue exclusion
assay. The Gd-DTPA label could stll be detected in the
stem cells 2 vitro for up to 2 weeks after labeling. Modo et al.
labeled immortalized stem cells with a bimodal fluorescent
MRI contrast agent, called gadolinium rhodamine dextran
(GRID), consisting of rhodamine and gadolinium-DTPA
chelates that are covalently attached to a 10 kDa dextran
molecule (42). Cell viability in the presence of GRID was
largely unaffected. However, cell division resulted in a dilu-
tion of the GRID signal and as a consequence, the rhoda-
mine signal could not detected anymore at day 7 after
labeling, while the gadolinium signal allowed for detection
of cell migration by MRI for up to 14 days after grafting in a
rat middle cerebral artery occlusion model (43). These
results likely reflect the differences in intrinsic sensitivities
of the detection techniques. Giesel et al. showed that primary
human mesenchymal stem cells can be readily labeled with
Gadofluorine M, a macrocyclic gadolinium-based contrast
agent with a perfluorinated side-chain. In vitro, the label was
detectable inside the cells for an impressive period of 6 weeks
(26). However, in this study important data on cell prolifer-
ation and cell viability are lacking.

Cell Labeling with MRI Contrast Agents: Iron Oxide Particles

Super-paramagnetic iron oxide (SPIO) particles consist of a
crystalline iron oxide core and a shell of hydrophilic polymer.
Under normal conditions, these iron oxide particles can be
taken up by cells via endocytosis. However, undifferentiated
(stem) or less differentiated (progenitor) cells do not have the
full endocytic capacity that is necessary for an eflicient intra-
cellular accumulation of iron oxide particles. To overcome
this problem, the internalization of iron oxide particles by
these cells has been improved by employing technologies
developed for DNA transfection, such as the use of the

commercially available delivery agents Lipofectamine, poly-
L-lysine, protamine sulfate, Metafectene, JetPEI and Fugene
(44, 45, Stojanov unpublished). The ratio of SPIO to delivery
agent and the total amount of iron in the medium is critical for
the efficiency of internalization of iron into the cells (44). In
general, cell labeling protocols for iron oxide particles have to
be optimized in a cell dependent manner for each combina-
tion of iron oxide particle and delivery agent (45) in order to
optimize a balance between delivery efficiency and toxicity
(46). The ultra small SPIO (USPIO) Sinerem, for example,
was stably incorporated in D3 embryonic stem cells and
C17.2 neural stem cells in the presence of Metafectene, but
D3 embryonic stem cells were less tolerant to high concentra-
tion of the transfection agent (47). Cells stably labeled with
SPIOs in the presence of a delivery agent could be detected by
MRI in vitro for up to seven doubling cycles (47) and i vivo for
at least 3 weeks (48,49).

Electroporation represents an alternative method to im-
prove iron particle internalization by cells. When appropri-
ate electroporation settings are used, sufficient amounts of
Feridex (Endorem) can be incorporated into C17.2 neural
stem cells for i viwo imaging (50). Using optimized condi-
tions, cell viability and differentiation capacity w vitro, and
proliferation and migration of the cells i viwo were main-
tained. As Feridex is an FDA-approved agent this method
can be readily translated into a clinical setting.

Iron oxide particles in the micrometer size range were also
suggested as possible contrast agents. The high amount of iron
present in one particle already gives a detectable signal, which
makes single particle imaging possible (51). The size of the
particle, however, can strongly influence the stability of the
label in a proliferating cell population. Whereas 0.9 um iron
oxide particles were evenly distributed between daughter cells
of labeled mesenchymal cells (52), 1.6 pm particles showed a
tendency to be secreted by cells after long-term culturing and
were unevenly distributed between daughter cells, leaving
some of the cells without contrast agent (47). The use of these
larger iron particles for cell labeling therefore needs to be
validated for each cell type.

Cell Labeling with Fluorescent Probes: Quantum Dots

Semiconductor nanocrystals (quantum dots) are a new class of
fluorescent probes with high quantum yield and resistance to
photobleaching. Quantum dots (QDs) are characterized by
size dependent absorption and emuission (53). Cells can be
labeled with QDs via spontaneous internalization. Similar to
iron oxide particles, QDs labeling efficiency can be improved
by electroporation and conjunction with compounds
employed in DNA delivery like cationic lipids or polymers.
In addition, the use of a specific targeting peptide has been
described to improve QD cell labeling efficiencies (53). When
ES-D3 murine embryonic stem cells were labeled with peptide
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based QD QTracker, 72% of the cells contained QDs after
24 h , but only 4% of the cells remained positive at day 4 (54).
The authors argued that the loss of signal could be a conse-
quence of fast cell division and/or active secretion of QDs
from the cells. In contrast, the QD signal could be visualized
in vwo for up to 14 days after subcutaneous administration of
the labeled cells. However, histological analysis revealed that
QDs were present in surrounding host cells rather than the
teratomas that had grown from the embryonic stem cells. This
finding suggests that QDs were secreted from embryonic stem
cells and subsequently taken up by neighboring host cells. This
study underlines the importance of determining whether the
probe is stably incorporated inside the labeled cell, especially
in long term cell tracking experiments i vivo.

Similar to any other fluorescent probe, excitation of QDs
1s hampered by light absorption and scattering by tissues,
leading to ineflicient excitation of the fluorescent label par-
ticularly when present in deep tissue. In order to overcome
this drawback, QDs that do not require external light for
activation have been designed (55) based on a process called
bioluminescence resonance transfer energy (BRET). In this
approach, Luc8 luciferase was coupled to QD655 (QD with
an emission wavelength of 655 nm). When the substrate
coelenterazine is added, Luc8 luciferase emits light with a
maximum intensity at 480 nm, which excites QD655. The
QD will subsequently emit light at 655 nm, which has better
tissue penetration than the light emitted by luciferase.
BRET emission (at 655 nm) is more readily detected than
luciferase emission, particularly in deep tissues. Indeed, C6
glioma cells that are labeled with QD655-Luc8 could be
visualized in lungs by application of the BRET technology,
but not by fluorescence. However, a potential obstacle for
application of BRET for brain imaging is that luciferase
substrates do not readily cross the BBB (56).

Cell Labeling with Radioactive Probes: PET Tracers

The glucose analogue 2'-['*F]fluoro-2'-deoxyglucose (['F]
FDG) is a widely available and extensively used PET tracer.
['"®FIFDG enters the cell via GLUT transporters and is
subsequently phosphorylated by hexokinase. ['*F]FDG 6-
phosphate no longer permeates across the cell membrane
and remains therefore trapped inside the cell. With a half-
life of 110 min, ["*F]FDG can be used only for short-term
cell tracking (46 h). ['"®F]FDG does not induce long-term
radiotoxicity (57). However, efflux of ['*F][FDG from stem
cells (17,57), T lymphocytes (58) and C6 rat glioma cells (59)
1s significant over time. This efflux is probably due to de-
phosphorylation of ['*F]FDG 6-phosphate by glucose phos-
phorylase, followed by release of free ['*F|FDG. In vivo
released ['*F]JFDG can be taken up by various tissues with
a high glucose metabolism, which result in a high back-
ground signal (Fig. 3). In vitro, the efflux of ["®F]FDG can
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Fig. 3 A PET image (coronal section) showing distribution of ['®FFDG
labeled C17.2 cells in lung and liver | h after i.v. administration in rat. ['®F)
FDG released by C17.2 cells is taken up by the heart.

be partly inhibited by the glucose transporter inhibitor
phloretin (17). In vivo, however, a bolus administration of
this GLUT inhibitor could not completely prevent loss of
radioactive tracer from the labeled cells. Since phloretin is
also a vasodilator, it did prevent the trapping of the labeled
cells in the lung capillaries.

An alternative labeling method for short term cell track-
ing with PET is labeling of the cells with hexadecyl-4-['"F]
fluorobenzoate (['*FJHFB). ["*FJHFB was used for labeling
of mesenchymal stem cells by intercalation of the tracer in
the cell membrane (60). More than 90% of the incorporated
['"®F]HFB was retained in the cells 4 h after labeling, com-
pared to only 60% for ['*FIFDG (57). Accordingly, ['°F]
HFB seems to be a more appropriate tool for short term
tracking of cells with PET than ['*F]FDG.

For cell tracking over a period of 24-36 h, the PET tracer
[**Cu]pyruvaldehyde-bis-(N4-methyl-thiosemicarbazone)
([°*Cu]PTSM; half-life 12.7 h) was suggested (59), but a
variety of cell types labeled with this tracer showed signifi-
cant efflux of radioactivity over time (59,61,62). As an
alternative, stem cells could be labeled with [**Cu] tropolone
in the presence of the membrane-permeable divalent chela-
tor 2-(2-amino-4-methyl-5-flurophenoxy)methyl-8-amino-
quinoline-N,N,N’,N’-tetra-acetic acid. This method gives
high labeling efficiency for human leukocytes and 80%
retention 24 h after labeling (63). However, attempts to label
stem cells using this technique have not been reported yet.

Cell Labeling with Radioactive Probes: SPECT Tracers

[*“™Tc]hexamethylpropyleneamine oxime ([*"™Tc]
HMPAO; [?™Tc]exametazime; half-life 6 h) is the radio-
pharmaceutical of choice for leukocyte labeling. It allows
tracking of labeled cells up to 24 hours. Only few attempts
to radiolabel stem cells with [""™T¢JHMPAO have been
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described thus far. We labeled murine C17.2 neural
stem cells with [*""T¢JHMPAO at a concentration of
5 MBq/10° cells without any sign of acute toxicity.
However, leakage of radioactivity from the stem cells
was about 20% after 2 h (unpublished data). Also
mesenchymal stem cells have been labeled with
[P“"Tc]HMPAO (64). Although no labeling details
were provided, release of "™Tc from these cells appar-
ently also occurred, as can be inferred from the high
radioactivity that was measured in the kidney and
bladder. Therefore, proper control experiments should
be conducted to discriminate whether the observed
radioactivity in an organ originates from intact labeled
cells, or from released ?"™Tc.

Next to ["™Tc]HMPAO, ['''Injoxine has frequently
been used for leukocyte radiolabeling. With a half life of
2.8 days, ['''InJoxine labeling should in theory allow the
monitoring of cell distribution for over a week. ['''In]
oxine was also used for labeling of several types of
progenitor cells, but with various degrees of success.
Murine hematopoietic progenitor cells proved to be sen-
sitive to labeling with ['"
was observed when either 1 MBq or 0.1 MBq of tracer
was applied per million cells (65). The maximum dose of
['"'InJoxine that did not affect canine bone marrow-
derived mesenchymal stem cell survival and function
was 0.14 MBq/ 10° cells (66). In contrast, human mesen-
chymal stem cells could be labeled with 7.5 MBq/10°
cells without affecting the doubling time and differentia-

In]oxine, as significant toxicity

tion into endothelial cells (67). Human endothelial cells
could even be labeled with ['''Injoxine at a concentra-
tion of 10 MBq/10° cells without changing viability or
migration capacity (68). In contrast, labeling of human
hematopoietic progenitor cells with a similar dose of
['''In]Joxine abolished cell viability and differentiation
7 days later (69). Thus, there appears to be a strong
variability in sensitivity towards ['''In]oxine between cell
types, with a tendency of a higher sensitivity for less
differentiated cells. The mechanisms of cell damage have
not been revealed yet, but probably include heavy metal
poisoning, high radiosensitivity of cell lines, and cell
handling during the labeling procedure (69,70). Loss of
radiolabel is another problem for cell labeling. Cellular
retention of ['''Injindium 48 h after labeling of dendritic
cells, and hematopoietic and endothelial progenitor cells
ranges from 18 to 39% (65,68,71) depending on cell type
and experimental settings. Despite the efflux of many
radiotracers, direct radiolabeling of cells still allows for
short term cell tracking and a comparative analysis of the
availability of cells at the target site, for example, follow-
ing different routes of administration.

The effects of the different labeling methods on cell
viability are summarized in Table I.

Reporter Gene-Mediated Labeling Methods
for Cell-Based Drug Delivery Devices

Besides direct labeling of the cells, monitoring of cell traf-
ficking can also be accomplished by introducing a so-called
reporter gene within the cell of interest. Thus a reporter
gene can be co-expressed together with a therapeutic gene
in order to monitor cell migration and while applying gene
therapy. Products of reporter genes can be directly detected
(e.g. a produced fluorescent protein) or by functional assays
in case the reporter gene leads to the expression of recep-
tors, transporters or enzymes, which involves indirect means
of detection. In the latter case an external probe has to be
introduced in order to ‘sense’ reporter gene expression.
When stably incorporated into the cell genome, reporter
genes can in principle be continuously expressed and there-
fore they can be detected perpetually. In sharp contrast,
transient transfection will result in loss of signal over time,
because of dilution of the gene product during subsequent
rounds of cell division. However, it has been noticed that,
even in case of stable transfection, expression of reporter
genes in stem cells can be silenced over time, which is
usually caused by promoter methylation (72).

Reporter Genes for MRI

A novel and emerging class of reporter genes are those that
rely on detection by MRI (73). Recently, it was shown that
overexpression of the iron storage protein ferritin in cells
leads to an increased but non-toxic iron accumulation that is
sufficient for noninvasive imaging (74,75). Zurkiya et al.
mvestigated the magnetotactic bacterial gene, MagA, that
is coding for the H'/Fe(Il) antiporter (76,77) and responsi-
ble for the formation of SPIO-like nanoparticles within cells
(78). MagA expression in the human embryonic kidney cell
line 293FT resulted in the intracellular formation of non-
toxic magnetic nanoparticles and MagA-transfected cells
could be detected by MRI i vwo following their implanta-
tion in the brain (78).

Reporter Genes for Fluorescence Imaging

Fluorescent proteins are probably the most frequently used
reporters. For i wvitro use, variants of fluorescent proteins
with emission wavelengths in the visible spectrum (400-
600 nm), such as GFP and red fluorescent protein (RFP),
were developed (Table II). Due to strong tissue (hemoglobin)
absorption of light with wavelengths below 600 nm, most of
the fluorescent proteins that have been designed for i vitro
use cannot be used for cell tracking i viwo, because only
superficial targets (<1 cm deep) can be imaged with these
probes. Therefore, fluorescent probes that emit light with
wavelengths between 600 nm and 900 nm, i.e. in the near-
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Table | Effect of Labeling Reagents or Methods on Cellular Toxicity

Imaging Label Effect on labeled cells Remarks References
technique
MRI Gadolinium Cell viability (40-42)
compounds largely unaffected
* Gd-DTPA
* Gadopentetate
* Dimeglumine
* Gadolinium
rhodamine
dextran
* Gadofluorine M Data are lacking (43)
Iron oxides Non-toxic Excess of transfection agent can be (44,46,47,50-52)
* USPIO toxic
* SPIO
* MPIO
Fluorescence * Fluorescent (Over)expression might be toxic Effect on stem cells is unknown (156—158)
imaging proteins
* Quantum dots Cell toxicity largely unknown
Bioluminescence  * Luciferases Non-toxic for tumor cells Effect on stem cells is unknown (159)
imaging
SPECT o M e-HMPAO No acute toxicity (64,160)
* "in-oxine Ranges from no effect on doubling time to Toxicity is a combination of heavy (65-69)
abolishing cell viability and differentiation metal poisoning, cell radiosensitiv-
depending on dose, cell type and degree of ity and handling during labeling
differentiation procedure
PET * '"]DG No long term radiotoxicity (57)

infrared range, are preferred for in vivo imaging (79). Above
900 nm, light absorption by water molecules begins to
interfere. Therefore, over the past 10 years several red and
near-infrared emitting proteins, suitable for m vwo applica-
tion, have been developed (Table II). Besides the develop-
ment of better probes, scientists have also developed three
dimensional reconstruction methods tailored for i viwo im-
aging of near-infrared proteins. In this manner, the imaging
sensitivity of tumor cells was increased by an order of
magnitude when mCherry is used as reporter gene, as
compared to ¢eGFP (80). This approach also improved the
accuracy of localization and measurement of the size of a

mCherry-expressing tumor implanted in the brain. These
results warrant future studies to examine the potential of
near-infrared fluorescent proteins for i vwo tracking of stem
cell migration into the brain and for long term expression of
potential therapeutics produced by these stem cells.

Reporter Genes for Bioluminescence Imaging

In bioluminescence imaging, luciferases with biolumines-
cence above 600 nm are preferred, because tissue absorp-
tion and scatter are lower at these wavelengths. Up to now,
firefly luciferase (Table III) is the most frequently used

Table Il Optical Characteristics of Fluorescent Proteins Suitable for In Vivo Application Compared to GFP. Modified from Deliolanis et al. 2008 (161)

Protein (Acronym)  Excitation Maximum Emission Maximum Molar Extinction Quantum Relative Brightness ref
(nm) (nm) Coefficient Yield (% of EGFP)
EGFP 489 509 53 0.60 100 (162)
tdTomato 554 581 138 0.69 283 (163)
(Tandem)

mCherry 587 610 72 0.22 47 (163)
mRaspberry 598 625 86 0.15 38 (164)
mRFP 584 607 50 0.25 37 (163)
mPlum 590 649 41 0.10 12 (164)
Katushka 588 635 65 0.34 62 (165)
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Table Il Properties of Bioluminescent Reporter Proteins
Luciferase Species Substrate Peak emission NB ref
wavelength (nm)
Firefly Photinus pyralis D-luciferin 562 (550-620%) * Mutants with various emis- (81,166%)
sion
maximums exist
Click beetle Pyrophorus plagiophthalamus ~ D-luciferin 546, 560, 578, 593 (167)
Renilla Renilla reniformas Coelenterazine 480, 547 (168,169)
Gaussia Gaussia princeps Coelenterazine 480 Naturally secreted. Probably (171)
restricted passage across the
BBB (170)

Bacterial luciferase Photorhabdus luminescens

Endogenously produced 490

Codon-optimized for expression  (86)
in human cell lines

luciferase, because it emits light in this range. An overview of
the various applications, advantages and disadvantages of the
use of luciferases i vivo are reviewed elsewhere (81,82). An
example of the use of luciferase as a reporter gene for biolu-
minescence imaging of neuronal stem cells is given in Fig. 4.
Longitudinal bioluminescence imaging was applied to moni-
tor the survival of luciferase and GFP expressing neural stem
cells after stereotactic injection in corpus callosum (83). Be-
cause of the limited resolution of bioluminescence, fluores-
cence microscopy of the co-expressed GIP reporter gene was
subsequently applied to detect the location of the stem cells.
Due to tissue attenuation and light scattering, biolumi-
nescence imaging does not allow absolute quantification of
the signal. Moreover, bioluminescence imaging in the brain
is hampered by the fact that the luciferase substrates lucif-
erin (for firefly and click beetle luciferase) and coelenterazine
(for Renilla and Gaussia luciferase) are efficiently removed
from the brain by the ABC transporters ABCG2 and

Fig. 4 Luciferase-GFP-actin
transgenic neural stem cells,
primed to become
oligodendrocytes, were
stereotactically injected in the
demyelinated corpus callosum of 7o
a cuprizone-fed mouse. Biolumi- 4
nescence imaging at 3, 5 and

8 weeks after implantation, ;
reveals their survival. The specific TR,
location of the implanted cells
was validated by GFP — histo-
chemistry (images were kindly
provided by Dr. J.C.V.M.
Copray).

ABCBI at the BBB (56,84). In contrast to eukaryotic luci-
ferases that are encoded by one gene, bacterial luciferases
are encoded by a cassette of 5 genes, the Lux operon. A
luciferase dimer is encoded by genes luxA and luxB, where-
as the other three genes (luxC, D and E) encode for the
required enzyme substrate (85). Since both luciferase and its
substrate are the product from the same operon, external
application of the substrate is not required. This feature
makes the Lux operon highly attractive for cell tracking in
the brain. Recently stable expression of the codon-
optimized Lux operon in the human HEK293 cell line has
been reported (86). However, the potential of this expression
system in brain rescarch remains to be explored.

Reporter Genes for Nuclear Imaging

Many PET and SPECT reporter probes (Table IV) have
been developed over the past years (87). However most of
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Table IV Available Reporter Genes for PET and SPECT Imaging

Reporter gene Reporter probe Radioisotope Reporter probe NB ref
crosses intact
BBB
Herpes simplex virus type- | Various pyrimidine and Ve, 1B 1, B PET no (172)
thymidine kinase (HSV | -tk) acycloguanosine 123] 125 _ SPECT
derivatives
Dopamine D, receptor (D2R) Fluoroethylspiperone '8k _ PET yes Large background (173)
(FESP) signal in the
striatum
Dopamine transporter (DAT) TRODAT-| 99 Te -SPECT yes Large background (174)
signal in the
striatum
Sodium-iodide symporter (NIS) 99 Te-pertechnetate, no (175)
1% - SPECT
Somatostatin receptor Octreotide ", ™ - SPECT no (176,177)
P2045
P829
E.coli xanthine phosphoribosyltrans- Xanthine yes Unavailable radiola-  (178)
ferase (XPRT) beled reported
probe
Human cannabinoid receptor 2 defi- ~ GW405833 "'C - PET yes Background signal (88)

cient for signal transduction
hCB,(D80ON)

from activated
microglia?

them fail to cross the intact BBB. On the other hand, probes
that can cross the BBB, such as probes for the D2 receptor,
may not be suitable for reporter gene imaging, because of a
high basal expression level of the endogenous receptor in the
brain.

Recently, hCBo(D80N), a human gene encoding the can-
nabinoid receptor-2 which is deficient for signal transduc-
tion, has been introduced for imaging gene expression
behind the intact BBB (88). CBy has low endogenous brain
expression. Brain adenoviral overexpression of hCBo(D80ON)
was visualized using [''C]GW405833, a CB2-selective par-
tial agonist that crosses the BBB. Nevertheless, the potential
to use this system for stem cell tracking in the brain (89)
requires further investigations. In fact, a potentially perturb-
ing factor in applying this reporter gene system is that
expression of CBy 1s upregulated by activated microglia
during inflammation. Since many brain disorders are ac-
companied by activation of microglia, it might therefore be
difficult to discriminate between cell migration versus micro-
glia activation, using this reporter gene at disease conditions.

Labeling Methods for Nanocarriers as Drug Delivery
Devices

Liposomes are classical nanoparticulate drug delivery devi-
ces. Not surprisingly therefore, most of the labeling techni-
ques have been developed for liposomes. Some of these
techniques have later been adopted for labeling of other
nanoparticles (Table V). In principle, there are three
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approaches for liposome labeling. In the first approach,
hydrophilic tracers are trapped in the aqueous core of the
liposome, while lipophilic tracers become trapped within the
lipid bilayer. In the second strategy, the tracer is covalently
coupled to the liposomal membrane. The third approach
involves non-covalent binding of the tracer to a chelator that
is covalently coupled to the membrane. The stability of
labeled nanoparticles is usually examined i vitro by incuba-
tion in buffer and plasma for an extended period of time,
followed by determination of the presence of free label and/
or nanoparticle metabolites, using I'TLC or column chro-
matography. However, due to dilution effects and shear
stress in blood, variations in microenvironment, clearance
(i.e. interaction with cells of the reticuloendothelial system,
renal and biliary clearance), i viwo stability of labeled nano-
particles may substantially differ from their stability ob-
served un vitro.

Nanocarrier Labeling with MRI Contrast Agents

Of all potential brain drug delivery devices, only liposomes
have been labeled with gadolinium chelates to obtain MRI
contrast. Gadolinium contrast agents can be incorporated
into liposomes by several cycles of freeze-thawing followed
by extrusion through filters in order to obtain liposomes of a
homogeneous and well-defined size. In this way,
gadolinium-DTPA,; gadodiamide and gadoteridol have
been incorporated in liposomes (90-92). Alternatively, a
gadolinium chelator such as DTPA has been covalently
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Table V Overview of the Labeling Methods Reported for Nanocarriers

Imaging Label Labeling technique Type of nanocarrier Remarks References
modality
MRI ¢ Gd-DTPA Trapping in the Liposome (90-92)
* Gadodiamide aqueous core
¢ Gadoteridol
¢ Gd-DTPA-lipid Chelation Liposome Large density of DTPA on liposome  (93)
surface required
¢ Magnetic Reverse phase Liposome (95,96)
nanoparticles evaporation
* Magnetic Film hydration Polymersome (97,98)
nanoparticles
Fluorescence * Dil Lipid analogs Liposome 99)
imaging ¢ N-Rh-PE
¢ Dy-676-Cg Covalent coupling Liposome Also applicable on polymersomes (102,103)
¢ Cy7.5-DOPE
* 6-coumarin Trapping in shell Liposome / Polymersome (32,100,101)
SPECT o '"In-DTPA Trapping in aqueous  Liposome (105)
core by trans-
chelation
o '"In-DTPA-PE Chelation Liposome Also applicable on polymersomes (106)
* PMe_etoposide Trapping in by trans-  Polymersome / Solid lipid ~ Also applicable on liposomes (109,110)
o M e-Docetaxel chelation nanoparticle
PET o S'CU-BAT-PEG-lipid  Chelation Solid lipid nanoparticle (108)

coupled to a lipid that is incorporated into the liposome
bilayer (93). Subsequent addition of gadolinium will then
assure its binding to the liposomal surface via chelation by
the DTPA-derivatized lipid analogue. Interestingly, localiza-
tion of the gadolinium at the liposomal surface, compared to
encapsulated gadolinium, results in an improved MRI signal,
which was attributed to a stronger interaction of surface-
localized gadolinium with surrounding water molecules (94).
However, a disadvantage of surface exposure of the bulky
DTPA is that it may sterically hinder the interaction of the
liposomes with target cells. Analogously, BBB penetration
may be reduced by the polar metal complex at the surface
of the carrier. Indeed, thus far no studies have been reported
on the use of gadolinium labeled liposomes in brain delivery.
Preparation of iron-labeled liposomes, based on the encap-
sulation of iron oxide nanoparticles, has also been described
(95,96). Recently, also polymersomes have been labeled with
magnetic nanoparticles. Depending on the type of initial
solvent for the polymer and nanoparticle mixture polymer-
somes with a shell that is densely packed with nanoparticles
can be formed upon subsequent dilution in aqueous medium
(97,98). Despite the interesting potential of these magnetic
polymerosomes, no data on brain drug delivery using these
iron-labeled nanocarriers has been reported so far.

Nanocarrier Labeling with Fluorescent Probes

Liposomes and polymersomes can be readily labeled with
lipophilic dyes, such as 6-coumarin, 1,1'-dioctadecyl-

3,3,3",3'-tetramethylindocarbocyanine perchlorate (Dil)
and N-(lissamine rhodamine-B sulfonyl)-phosphatidyletha-
nolamine (N-Rh-PE), which become an integral part of the
bilayer during liposome/polymersome formation
(32,99-101). New fluorescent lipids can be easily made by
the esterification of fluorescent dyes with fatty alcohols. For
example, the DY-676-C g ester was prepared by esterifica-
tion of carboxylic acid-modified DY-676 with stearyl alco-
hol and then applied in the preparation of stable near-
infrared fluorescent liposomes (102). Likewise, near-
infrared Cy7.5 hydroxysuccinimide was used to label 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (103).
Cy7.5-DOPE containing liposomes were then used to visu-
alize the targeting of liposomes to lung tumors. Many fluo-
rescent dyes are available with several modifications, such as
amino, carboxylic acid, maleimide and hydroxysuccinimide
groups (for a review see (104)). These functional groups are
generally applied for the conjugation of peptides and pro-
teins, including antibodies. However, these functional
groups make it also possible to label targeted liposomes,
allowing monitoring of improved programmable delivery
of the liposomes.

Nanocarrier Labeling with Radioactive Probes
In order to efliciently entrap a radiotracer in the aqueous core
of liposomes a trans-chelation method can be used (105). Dur-

ing liposome preparation a strong hydrophilic chelator such as
DTPA is encapsulated. Subsequently, liposomes are incubated
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with a complex of a weak chelator and a radiotracer such as
"'n-oxine. '"''In-oxine can pass the lipid bilayer allowing
trans-chelation of '''In from the weak oxine complex to the
strong DTPA complex. Unbound radiotracer can be removed
by dialysis. For the purpose of binding of radiotracer to the
surface of liposomes, DTPA-phosphatidylethanolamine
(DTPA-PE) 1s incorporated into the lipid bilayer during lipo-
some preparation (106). Subsequent radiolabeling of the lipo-
some preparation can be performed by trans-chelation as
described above. However, it should be noted that chelators
are usually highly charged and relatively bulky molecules.
When exposed on the surface of liposomes, chelators can
therefore readily influence the interaction of the liposomes with
the surface of target cells. A recent review on methods for
radioactive liposome labeling, describing examples for each
labeling strategy, is presented in Phillips ez al. (107).

There are only few examples of radiolabeling of other
nanoparticles that might be potentially used as drug carriers.
Solid lipid nanoparticles have been successfully labeled with
®*Cu by incorporation of lipid-PEG-BAT, a conjugate be-
tween a synthetic pegylated lipid and the copper specific
chelator, 6-[p-(bromoacetamido)benzyl]-1,4,8,11-tetraaza-
cyclotetradecane-N,N’,N” N*”-tetraacetic acid (BAT), fol-
lowed by complexation of the radiometal (108). The
biodistribution of the solid lipid nanoparticles was quantita-
tively evaluated both i vivo using PET imaging and ex viwo by
gamma counting. For SPECT imaging, an anti-cancer drug
etoposide encapsulated in SLN was labeled with [*™T¢]
technetium pertechnetate after reduction with stannous
chloride. Polymersomes loaded with Docetaxel were labeled
in the same way (109,110). The *™Tc label was stably
incorporated in the nanocarrier both i vitro and i vivo and
allowed successful pharmacokinetics and biodistribution
studies. Recently, polymerosomes were functionalized with
DTPA and labeled with '''In (111). SPECT imaging could
reveal the trafficking of the migration of these polymeroses
over time (Fig. 5).

EX VIVO ANALYSIS OF DRUG DELIVERY DEVICE
DISTRIBUTION

Ex Vivo Biodistribution

Upon systemic administration of radiolabeled cells or nano-
carriers, ex vwo biodistribution studies are usually done to
determine the fraction of the injected dose that accumulates
into the brain. To this end, animals are sacrificed at specific
time points after administration of the labeled device, rele-
vant tissues are excised, and radioactivity is determined in
the various samples. Recently, a quantitative procedure for
determining tissue distribution of nanoparticles, using iron
oxide labeled nanoparticles in conjunction with electron
spin resonance spectroscopy, has been described (112). In
addition, the pharmacokinetics of drug-loaded nanocarriers
can be determined by measurement of the drug concentra-
tions in blood samples, taken at multiple time points. In this
manner, tissue influx and efflux rate constants can be cal-
culated. This procedure is similar to pharmacokinetic stud-
ies of the free drug (113).

Brain accumulation of (nonjtargeted nanoparticles is typ-
ically low compared to the total injected dose, but appears
highly variable when different nanoparticles are compared.
For example, two hours after i.v. administration of poly
(ethyleneglycol)-poly(e-caprolactone) polymersomes coupled
with OX26 antibodies to target vascular endothelial cells
into rats, the amount of brain-localized polymersomes was
only 0.14% ID/g tissue (101). Similarly, one hour after i.v.
administration of nanoparticles composed of a PEG-n-
hexadecylcyanoacrylate block-copolymer, the concentration
in mouse brain was ~0.2% ID /g tissue, whereas in rat brain
the fraction of the injected dose was only 0.005% ID / g
tissue. (114). However, in case of nano-PEG-¢ross-PEI nano-
gels, the fraction within the brain 1 h after i.v. injection in
mice reached as high as 2.67% ID/g tissue (115). The high
variability of brain accumulation of nanoparticles cannot

Fig. 5 Volume rendered SPECTof a mouse administered with 220 nm ' 'In-DTPA labeled polymersomes. (@) One hour after intravenous administration
of polymersomes with a short blood half life. The radioactivity is visible in the lungs and major blood vessels. Blood vessel radioactivity is due to circulating
polymersomes. Radioactivity is also visible in liver and spleen, corresponding to polymersomes trapped by the reticuloendothelial system. (b) 24 h after the
administration, circulating polymersomes are not visible anymore. Only activity in liver and spleen remains visible.
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only be ascribed to intrinsic differences between the nano-
particles and species under investigation, but also to differ-
ences between experimental protocols, such as time points
of sampling after particle administration, and processing of
the brain before particle quantification. For example, when
nanoparticle accumulation is quantified for the whole brain,
the presence of residual nanoparticles in capillary blood can
significantly influence the results. It is therefore critical to
perfuse the brain with buffer prior to the isolation to remove
residual nanoparticles from the capillaries (32,116-118).
Alternatively, total brain nanoparticle content can be cor-
rected for using the (estimated) blood volume and blood
nanoparticle concentration (119,120).

In order to discern between the accumulation of drugs in
brain parenchyma and vasculature, Triguero et al. intro-
duced the capillary depletion method (121). For that pur-
pose, the drug compound is radiolabeled and administered
together with a marker compound that is labeled with
another radiolabel and known to be retained within the
vasculature. At the end of the experiment, the brain is
isolated, homogenized, and centrifuged in a density gradient
medium. The activity of both radiolabels is measured in the
supernatant, serum and pellet fractions that represent pa-
renchyma, blood, and capillaries, respectively. The volume
of distribution (V) of the test compound in parenchyma and
the capillaries can then be calculated. Gutierezz e al. used
gamma-glutamyl transpeptidase as a vascular marker and
showed that in their experimental settings the signal from
parenchyma contains approximately 2% signal from vascu-
lature (122). On the other hand, Moos and Morgan used an
assay for alkaline phosphatase (EC 3.1.3.1) and showed that
vasculature contamination of parenchyma was approxi-
mately 16% (7,123). Using the same assay, Gosk et al.
concluded that the accumulation of OX26-targeted lipo-
somes in the brain parenchymal fraction was clearly a con-
sequence of contamination with liposomes from the
capillary fraction. The finding was confirmed by confocal
microscopy, which showed that liposomes accumulate in
capillaries, but do not cross the BBB (124). Until now brain
accumulation of nanoparticles, both targeted and non-
targeted, represents only a small fraction of the administered
dose. Therefore methods such as capillary depletion and
morphological examination are of crucial importance for
determining genuine accumulation of nanoparticles into
brain parenchyma.

Autoradiography

Autoradiography of radiolabeled drug delivery devices can
be used to visualize ex vivo the regional distribution of such
vehicles in the brain. Sakamoto and Ido (124) used autora-
diography to compare the distribution of sulfatide-
containing liposomes in brain sections before and after

unilateral osmotic opening of the BBB. In case of an intact
BBB, the distribution of the liposomes was confined to
circumventricular tissues like the pineal body and the
regions around the third and lateral ventricles. After osmotic
opening of the BBB with a hypertonic mannitol solution, the
liposomes showed a homogenous distribution through the
whole hemisphere subjected to osmotic opening of the BBB.
The distribution of liposomes in the contralateral hemi-
sphere was similar to that observed in case of an intact
BBB. However, the resolution obtained by autoradiography
is too low to discriminate between localization of liposomes
in capillaries and brain parenchyma. Autoradiography was
also applied to investigate neural stem cell integration and
survival after implantation in the brain. Transduced nerve
growth factor secreting neural progenitor cells were labeled
with “H labeled thymidine and injected bilaterally in nucle-
us basalis and septum. Autoradiography showed that the
implanted cells survived, were well integrated in the tissue
surrounding the injection site and survived for at least
9 months (125). Although autoradiography is readily appli-
cable and may provide quantitative insight about distribu-
tion of drug delivery devices, the technology is currently not
widely used in analyzing drug delivery into the brain.

Fluorescence Microscopy

Fluorescence imaging is widely used in brain drug delivery
research, because drug delivery devices within the brain,
labeled with quantum dots, fluorescent dyes, or expressing
fluorescent proteins can be readily detected in tissue slices
(11,42,126-128) using high resolution confocal imaging.
This approach also allows to distinguish between brain
parenchyma and blood vessels, for example by simultaneous
visualization of specific markers of endothelial cells, such as
CD31, using immunostaining (9,129). An example is shown
in Fig. 6).

Analogously, Gosk et al. stained brain slices for the basal
lamina marker and demonstrated that OX26-targeted lip-
osomes, administered by i sifu perfusion, were confined to
brain endothelial cells, rather than penetrating brain tissue,
since no co-localization was seen between the liposomes and
laminin (123). Similarly, the relative localization of nano-
particles with respect to glial cells and neurons can be
revealed by confocal microscopy, using appropriate markers
for these cells (130).

In recent years, an interesting approach has been devel-
oped to monitor simultaneously fate of cells and therapeutic
efficacy of cell-mediated delivery. The approach relies on
the use of dual or triple reporter genes to obtained insight
into both cell distribution and expression of therapeutic
genes. Following such a procedure, Tang ¢ al. stably trans-
fected C17.2 neural stem cells (NSCs) with a plasmid coding
for both firefly luciferase (FL) and enhanced green
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Fig. 6 In vivo brain distribution of polymersomes after intracarotid artery
injection. BALB/c mice were injected with G23-polymersomes. 24 h later the
brains were isolated and immunostained for the endothelial cell marker CD3 |
(PECAM). G23-polymersomes are found in microvessels, visualized with
CD31 (arrowheads), and in brain parenchyma (arrows). Polymersomes are
pseudocolored in red, CD31 in blue and nuclei in green. Scale bar, 50 um.
(the image was kindly provided by J. Georgieva and |.S. Zuhorn).

fluorescent protein (eGFP) (11). Bioluminescence was used
to monitor the  vivo migration of C17.2 NSCs to glioblas-
tomas in brain, while eGFP expression was used for histo-
logical confirmation ex viwo of the i vivo imaging results. The
same combination of reporter genes was also used to mon-
itor long-term lentiviral vector-mediated gene expression in
the brain (131).

IN VIVO IMAGING OF DRUG DELIVERY DEVICE
TRAFFICKING

Several noninvasive imaging techniques have been applied
to monitor trafficking of drug delivery devices. Due to the
large tissue penetration depth of the imaging signal, PET,
SPECT and MRI are applicable both in animals and in
humans, making these approaches important tools in trans-
lational research. The resolution of optical imaging is rela-
tively poor compared to PET, SPECT and MRI, and results
are usually not quantitative due to tissue attenuation and
scattering of light. However, @ vivo bioluminescence and
fluorescence imaging have been applied in small animal
experiments because of simplicity and low costs (132). More-
over, optical methods are ideally suited to bridge the gap
between  vitro experiments and animal studies, as @ vivo
imaging results can be easily correlated with ex viwo micro-
scopic analysis. Recent developments in optical imaging
instrumentation enable interesting new applications in basic
research, such as fluorescence tomography and intra-vital
microscopy (132). Although there are examples of using
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i vivo imaging techniques to track central nervous system
drug delivery devices in humans (48,133), this field is
still 1n its infancy.

Tracking Drug Delivery Devices by MRI

MHP36 stem cells have been labeled with GRID for visu-
alization by MRI. Following their engraftment in the con-
tralateral hemisphere of rat brains with unilateral stroke
damage, the spatial distribution and rate of migration of
the GRID-labeled cells could be revealed (42,43). MRI
demonstrated that 14 days after transplantation the labeled
neural stem cells had migrated from the unaffected hemi-
sphere along the corpus callosum to the peri-lesion area.

Similarly, rabbit neonatal NSCs have been labeled with
Gd-DTPA in order to non-invasively follow the distribution
and migration of cells after acute peripheral nerve traction
injury (41). Labeled cells were grafted on distracted sciatic
nerves. Serial MRI for up to 70 days after transplantation
showed sustained increases in T'1 and T2 signals, which was
accompanied by improved nerve regeneration. Since trans-
planted NSCs did not differentiate into neurons or Schwann
cells during the time of the experiment, the observed nerve
regeneration was attributed to neurotrophic factors released
by NSCs.

The migration of Feridex-labeled C17.2 NSCs has been
investigated using MRI after intra-ventricular transplanta-
tion in a shiverer mouse demyelination model (134). It was
possible to follow cell dissemination shortly after transplan-
tation. In most animals the transplanted cells distributed
homogenously throughout the ventricular system. An inter-
esting observation was the mismatch between the cellular
distribution, as visualized by MRI, and the histological
examination, carried out 6 days after stem cell transplanta-
tion. Stem cells that were heavily loaded with iron-oxide
particles appeared to remain in close proximity of the injec-
tion site, while cells that migrated further into the brain
parenchyma contained lower amounts of Feridex. The
authors concluded that this mismatch may be ascribed to
the loss of Feridex by stem cells as a consequence of asym-
metric cell division and cell death. MRI-guided focused
ultrasound has been used to deliver neural stem cells across
the BBB (135). For that purpose, eGFP-expressing embry-
onic cortical neural progenitor cells were labeled with a
SPIO. MRI has subsequently been used to pinpoint relevant
brain regions for ultrasound BBB disruption and to non-
invasively confirm the entry of stem cells in the brain upon
intracarotid administration. The second cell label, eGFP,
has been used for confirmation of survival of stem cells
i viwo, as well as immunohistological confirmation of
experimental findings.

Magnetic tumor targeting is a strategy to deliver drugs,
carried by magnetic nanoparticles, to a specific location
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(136,137). In magnetic targeting, a strong magnet is placed
on the body close to the target site, leading to an increase of
nanoparticle iron oxide accumulation. The effect of mag-
netic targeting on the accumulation and clearance of PEGy-
lated and non-PEGylated iron oxide nanoparticles has been
examined over time by MRI in a rat 9L-glioma brain tumor
model (138,139). The data revealed an increased tumor
accumulation of PEGylated compared to non-PEGylated
nanoparticles, which could be further promoted (approxi-
mately 5-fold) upon magnetic targeting of the iron oxide-
loaded nanoparticles. Overall, magnetic targeting was more
efficient for the PEGylated nanoparticles.

Convection enhanced delivery (CED) is an experimental
method developed in the early 1990s, by which a drug is
delivered directly to the brain tumor through a cannula
connected to an infusion pump (140). The pump induces
positive pressure, thereby dilating the tissue and allowing
spreading of the drug. MRI with gadodiamide and fluores-
cently labeled liposomes has been applied to evaluate real
time distribution and retention of liposomes after CED to
rats, bearing a 9L-2 tumor (91). Liposomal distribution
within brain tissue, as measured by MRI, corresponded well
with that observed by ex vivo fluorescence imaging. Interest-
ingly, the brain tissue distribution of the gadodiamide lip-
osomes mimicked that of the (commercially available)
liposomal drug Doxil and therefore gadodiamide labeled
liposomes may serve as a useful marker for the brain tissue
distribution of Doxil, administered via CED (91). Real-time
MRI monitoring of liposomes loaded with Gadoteridol in
combination with CED also provides opportunities for more
accurate, site-directed delivery of drug-loaded liposomes to
specific brain regions via online control of the administered

dose (2,92).

Tracking Drug Delivery Devices by Bioluminescence
Imaging

Bioluminescence has been used to compare different delivery
methods of neuronal progenitor cells to brain tumors in mice
(11). To this end, firefly luciferase transfected C17.2 stem cells
were injected into the intra-peritoneal cavity, vasculature,
ventricle or brain parenchyma. Bioluminescence imaging
demonstrated migration of the cells from parenchyma or
ventricle of the healthy hemisphere across the corpus callosum
towards the tumor site. However, intravenous administration
of the transfected cells resulted in only a modest migration
towards the tumor, whereas tumor targeting was virtually
absent after intra-peritoneal administration.

Interestingly, when different luciferases with different
light emission spectra are used, bioluminescence can also
be applied to monitor two processes simultaneously. This
approach has been employed for simultaneous monitoring
of tumor growth, using glioma cells expressing Renilla

luciferase, and migration of neural stem cells, expressing
the secreted form of an apoptosis inducing ligand (S-
TRAIL) and firefly luciferase (141). After administration to
healthy brain, NSCs remain at the site of implantation
where they proliferate (11). In contrast, when implanted
into the brain of the tumor-bearing mice, S-TRAIL
producing NSCs migrate toward the glioma, and signifi-
cantly reduce tumor growth (141).

Tracking Drug Delivery Devices by Fluorescent
Molecular Tomography

Planar fluorescence imaging is generally not used for brain
analysis, because the technique does not allow quantifica-
tion of the signal due to a nonlinear dependence of signal
intensity and tissue depth (34,142). However, fluorescence
molecular tomography (FMT), a three dimensional quanti-
tative fluorescence imaging technique, has been successfully
used in neuroimaging (143). Since FMT does not provide
anatomical information, its combined use with a technique
such as C'T or MRI is preferable. FMT has been applied to
track changes of protease activity during brain tumor
growth and chemotherapy (144), employing ProSense680
as a fluorescent probe for protease activity. Interestingly,
FMT showed changes of tumor protease activity early dur-
ing chemotherapy, which disappeared at the end of chemo-
therapy, whereas MRI detected changes in tumor volume
only in later stages of chemotherapy. Thus, the combined
FMT-MRI imaging approach revealed early chemothera-
peutic effects that correctly predicted tumor response.

Beta-amyloid plaques in a murine Alzheimer’s disease
model have also been analyzed by FMT, using the fluores-
cent dye oxazine (145). By combining FMT with structural
information as obtained by CT, the FMT reconstruction
algorithm could be substantially improved, resulting in
more precise signal localization.

However, thus far FMT has not been used in studies on
drug delivery into the brain. Yet, the principle of the ap-
proach, offers a great potential for application in this field.

Tracking Drug Delivery Devices by Intra-Vital
Confocal Microscopy

Intra-vital two photon laser scanning microscopy is a highly
invasive i vivo method that provides the best resolution of all
in vivo imaging techniques currently available. To study
events at the level of microvasculature by intra-vital micros-
copy, brain cortical microvasculature is exposed. For longi-
tudinal imaging, a cranial window is inserted by removing a
piece of skull and replacing it with glass (146). Alternatively,
a section of skull can be thinned using a combination of high
speed drilling and scraping with a microsurgical blade (147).
A disadvantage of the latter method is that thinned bone
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grows back again. Recently, Drew et al. introduced a proce-
dure to create a stable window in the skull by polished and
reinforced thinning of the skull followed by gluing a cover
glass to the skull to prevent regrowth (148). In this way, good
visibility was achieved for up to 3 months.

Multi-photon laser scanning microscopy in combination
with intra-vital microscopy was used to analyze the influence
of liposome composition on vascular accumulation in nor-
mal tissues and brain tumors (149). Enhancement of the
cationic charge of the liposomes resulted in their increased
accumulation in tumor vessels, whereas no change in inter-
stiial accumulation was observed. Dreher et al. quantified
tumor vasculature permeability of macromolecules by mon-
itoring their fluorescence intensity in the vascular and ex-
travascular space (150). They showed that permeability of
tumor vasculature was significantly more reduced for dex-
trans with increasing molecular weight. These studies sug-
gest that confocal intra-vital microscopy has the potential of
revealing whether targeted nanoparticles can cross intact
BBB or at least that the drug, contained in the transport
vehicles, gains access into the brain.

Tracking Drug Delivery Devices by PET or SPECT

PET and SPECT imaging have been used for assessing the
outcome of stem cell therapy. For example, ['*FJFDOPA
PET was used to measure dopamine production in patients
with Parkinson’s disease, who had received embryonic do-
pamine cell implantation. One year after surgery, ['°F]
FDOPA uptake was about 40% higher in patients that
underwent transplantation than placebo treated patients.
Increased tracer uptake correlated well with clinical symp-
toms, although primarily in case of patients of 60-years of
age or younger (151). Other examples of PET imaging for
the indirect assessment of stem cell therapy efficacy have
recently been reviewed by Wang e al. (152). Only a few
examples of direct tracking of stem cells have been pub-
lished so far. Miletic et al. examined @ vwo killing of 9L
glioma cells by bone marrow derived stem cells, expressing
the thymidine kinase of herpes simplex virus (HSV-tk) as a
suicide gene (127). Apart from bringing about a therapeutic
effect, HSV-tk expression in the stem cells can also be used
as a reporter gene to localize stem cells i vivo by means of
PET. To this end an HSV-tk-specific radioactive reporter
probe, 9-[4-['*F]fluoro-3-(hydroxymethyl)butyl]guanine
(['"®F]JFHBG), is introduced, 6-7 days after intra-tumoral
implantation of the stem cells. The drawback of the method
is that ["*F]FHBG poorly penetrates the intact BBB, imply-
ing that visualization in the brain is only possible when the
BBB is damaged, which often accompanies brain tumor
development.

The biodistribution of '''In-oxine-labeled human em-
bryonic stem cell-derived neural progenitor cells and rat
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hippocampal progenitor cells was followed in rats with mid-
dle cerebral artery occlusion (153). SPECTT showed that cells
accumulate in internal organs after administration in the
femoral vein. 24 h after carotid artery administration, most
cells still accumulated in the peripheral organs, but some
human neural progenitor cells were detected in the brain.

Since accumulation of nanoparticles in brain is often low,
the signal-to-background ratio is usually poor. Therefore PET
and SPECT imaging are hardly used for tracking nanopar-
ticles in the brain. Yet, liposomes carrying hemoglobin have
been labeled with 1-['®F]fluoro-3,6-dioxatetracosane for PET
imaging in rat brain ischemia induced by thrombosis of the
middle cerebral artery (154). The results indicated that lipo-
some encapsulated hemoglobin can reduce the size of infarc-
tion, probably as a result of an improvement in the
microcirculation and oxygen delivery. Similarly, radiolabeled
liposomes were also used to visualize brain tumors by means
of PET. The leaky blood vessels in the tumor allowed passive
accumulation of liposomes (size of approximately 100 nm) at
the tumor site with a relatively low accumulation in the
surrounding brain tissue (155). The findings were confirmed
by ex viwo autoradiography of brain slices.

CONCLUDING REMARKS

Here we have summarized approaches for imaging nano-
particles and stem cells in the brain. For (stem) cell-based
delivery devices, imaging can provide information on the
location of the labeled cells, cell viability and the extent of
therapeutic gene expression over prolonged periods of time.
Imaging also allows & viwo tracking of nanocarriers over
time, provided that the label does not interfere with the
distribution of the nanocarrier. Imaging can also provide
insight into the stability of nanocarriers and the release of
their contents by comparing the distribution of the shell and
the contents, when labeled with different markers.

Over the past years, all major imaging modalities, includ-
ing PET, SPECT, MRI and optical imaging have been ap-
plied for monitoring nanocarriers and delivery of associated/
entrapped drugs into the brain. Obviously, each modality has
its own advantages and limitations, implying that the ideal
imaging tool does not exist. The modality of choice strongly
depends on the specific experimental and/or therapeutic
aims. In addition, there is no ideal all-purpose labeling ap-
proach and consequently a labeling strategy should be select-
ed that 1s most suitable for the specific delivery device
involved. In general, however, the labeling agent should ide-
ally be applicable in humans, nontoxic, safe to use, and easy to
apply. In addition, the ideal labeling agent has a low back-
ground signal i viwo, is not released from the drug delivery
device, is not affected by environmental factors, including
biological fluids, and should not interfere with the crossing of
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the delivery vehicle across the BBB. Finally, the lifetime of the
label should match the duration of experiment, but the signal of
the label should disappear when the delivery device is degraded
or stops functioning. Independent of which modality or labeling
method is selected, adequate controls are essential, such as
controls for the potential release of free tracer from the delivery
device, and the localization of the delivery vehicle should be
preferably confirmed by histological evidence.

When proper selection and validation of the tracer is
performed, imaging of brain drug delivery devices can give
an important contribution to research in the brain drug
delivery field, including evidence-based optimization of the
applied dose and dosing frequency, comparison of adminis-
tration routes and prediction of therapeutic efficacy, long
before the end of treatment. In addition, imaging can pro-
vide new insights into causes for failure of particular treat-
ment strategies. Nanocarriers may not reach the brain in
adequate quantities, whereas engineered cells may not pro-
duce the required therapeutic agent. In these cases it may be
advantageous to consider an alternative administration
route or drug carrier, rather than pursuing a new lead
compound for drug development.

Current progress in i vwo molecular imaging includes
multimodality imaging approaches. The aim of multimo-
dality imaging is to overcome disadvantages of individual
modalities, such as absence of anatomical details or low
resolution. An interesting new development in this respect
is the introduction of hybrid PET-MRI cameras, both for
clinical and preclinical studies. These hybrid cameras not
only combine the high sensitivity of PET with the excellent
spatial resolution and soft tissue contrast of MRI, but would
also allow tracking of dual labeled drug delivery devices.
Although the impact of such hybrid imaging devices
remains to be determined, it is clear that imaging techniques
will remain playing an important role in the development
and evaluation of devices that deliver drugs to the brain.
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