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Abstract: The current report describes the development of a dual modality tomographic
agent for both positron emission tomography and magnetic resonance imaging (PET/MRI).
The dual-modality agent in this study was based on a '**I (PET) radiolabeled tri-gadolinium
endohedral metallofullerene Gd;N@Cso (MRI) nanoprobe platform. The outer surface of
the fullerene cage of the Gd;N@Csgy metallofullerenes was surface functionalized with
carboxyl and hydroxyl groups (f-Gd;N@Cso) using previously developed procedures and
subsequently iodinated with '**I to produce '**I-f-GdsN@Cs, nanoprobe. Orthotopic
tumor-bearing rats were infused intratumorally by convection-enhanced delivery (CED)
with the "*I-f-GdsN@Cs, agent and imaged by MRI or micro PET. The anatomical
positioning and distribution of the "**I-f-Gd;N@Cs, agent were comparable between the
MRI and PET scans. The 124I-f-Gd3N@C80 dual-agent distribution and infusion site within
the tumor was clearly evident in both T;- and T,-weighted MR images. The results
demonstrate the successful preparation of a dual-modality imaging agent,

H-f-Gd3sN@Cso, which could ultimately be used for simultaneous PET/MR imaging.
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1. Introduction

The ability to perform comprehensive evaluations of anatomical, functional and molecular imaging
data is important for early detection and accurate prognosis of cancer. In many cases, this information
is acquired using several imaging modalities with various contrast agents being administered during
multiple hospital visits. The assessment of these images is also performed separately because of
difficulties in image registration, primarily due to patient repositioning and variations in organ position
and shape. Also, detection and measurement of low amplitude signals in noisy, heterogeneous biological
environments is a fundamental challenge in diagnostic tomographic applications. Combined imaging
during a single examination would solve some of these difficulties and has been realized using x-ray
computed tomography (CT) and positron emission tomography (PET), with PET/CT now fully
integrated into the clinical environment. PET/CT was one of the first multi-modal diagnostic approaches
that made significant strides towards meeting new tomographic challenges [1-5]. Clearly, tomography
will continue to evolve beyond PET/CT and many other omni-tomography/multi-tomography
approaches are envisioned [6].

Over the last several years a number of dual modality diagnostic approaches in addition to PET/CT
have been reported including SPECT/CT, SPECT/MRI and PET/MRI, the latter which appears to have
distinct advantages [7—16]. The dual imaging merger of PET/MRI has recently gained interest due to
the combination of PET functional scanning with the anatomical and functional information provided
by magnetic resonance imaging (MRI). For example, the PET/MRI combination has a distinct clinical
advantage over CT because a lower level of ionizing radiation is utilized. In addition, the PET/MRI
has the added advantage of combining biochemical soft tissue information (MRI) while the PET
approach provides higher sensitivity with specific targeting dependent on the spatial location of the
radiolabel. Unlike PET/CT, which requires sequential acquisitions involving patient table movement,
current technological advances have led to a PET detector that is unaffected by magnetic fields
allowing for true simultaneous image acquisition [16-20]. The feasibility of a dual-modality PET/MRI
system has proven successful in both small animal studies and in imaging the human brain [16,20].
As simultaneous PET/MR imaging progresses toward full clinical integration and application, the
development of imaging agents with dual-modality properties will provide an important component to
advancements in research and clinical applications in this area. Based on the variety of information
that these imaging modalities can provide, it can be anticipated that simultaneous PET/MRI acquisition
may yield complementary multiparametric imaging leading to new diagnostic paradigms. Therefore,
the interest in development and characterization of dual imaging agents is apparent [21].

Fullerenes of various carbon content (e.g., Cg0/Cgo/Cs2) with an assortment of endohedral components
including empty cages, single metal ions, and tri-metallic nitrides, have been increasingly employed in
investigational animal studies as imaging contrast agents. Isolating the metal component from the
biological system by placing it inside the carbon cage is a primary benefit of this nanoplatform. In
regards to undesired biological effects, the toxicity of nanoparticles in general is more complex than
with traditional bulk materials and highly variable, dependent on multiple parameters including size,
shape, surface functionality, aggregation, surface charge, efc. [22-25]. In regard to the fullerene
nanoparticles utilized in this application, the toxicities in vitro and in vivo have been studied
extensively [22-32]. Recent studies have also demonstrated the low cytotoxicity of the hydroxylated
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GdsN@Csgo(OH), system in a cell viability study of hen brain and human neuroblastoma SH-SYS5Y
cells [33]. Overall, these reports demonstrated that fullerenes have low systemic toxicity and
ameliorate inflammatory responses due to radical and ROS scavenging properties [22-24,29,31,32].
Furthermore, the ease of surface functionalization and ability to use the versatile metallofullerene
platform as the basis for multiple imaging agents makes it an ideal candidate for multi-modality
imaging applications. Altering the endohedral metal is the basic method for endowing additional
imaging properties to the fullerene. Examples of this include encapsulation of Gd or GdsN for superior
MRI contrast [34,35], LusN for x-ray contrast [36], and '""Lu for SPECT detection [37]. External
ligands have also been added to empty Ceo cages to provide x-ray contrast [38,39] and radiolabeling [40].
Recent work has shown the imaging and therapeutic, or theranostic potential of f-Gd;N@Csgo
nanoparticles externally labeled with '”’Lu in an orthotopic xenograft murine brain tumor model [41].
Therefore, there is clear potential for combining endohedral and exohedral components to yield a
desired multi-modal nanomaterial imaging agent.

The current study describes the synthesis and initial in vivo imaging demonstration of a
metallofullerene-based nanoplatform for combined PET/MRI. Two other dual probes for PET/MRI
have recently been reported, both of which utilize T, MRI contrast agents (iron oxide based) [13—-14,42].
The agent presented in this work offers T; MRI contrast and affects T, sufficiently to provide
T,-weighted imaging as well.

2. Experimental Section
2.1. Synthesis and Surface Functionalization of Gd;N@Cs

Gadolinium containing fullerenes, Gd;N@Cs, were prepared by vaporization of graphite rods packed
with a mixture of Gd,Os3, graphite powder and metallic copper with a weight ratio of 2.0/1.0/2.1 under
a dynamic flow of He and N, (flow rate ratio of N,:He = 3:100) in a Krétschmer-Huffman generator as
previously reported [43]. Fullerene products were extracted from the soot with xylene in a Soxlet
extractor and the soluble empty-caged fullerenes and endohedral metallofullerenes are dissolved in the
solvent. The GdsN@Csgy product was purified by loading the solution containing fullerenes and
metallofullerenes onto a cyclopentadiene functionalized Merrifield resin column eluted with toluene,
which selectively removes empty-caged fullerenes [44]. Removal of the empty cage fullerenes was
verified by HPLC (column: Cosmosil 5-PBB; flow-rate: 1mL/min; mobile phase: toluene). As can be
seen in Figure 1 (top trace), the empty cage fullerenes are a predominant product in the direct soot
extraction with the endohedral Gd;N@Cs species having a retention time around 28 min. After elution
through the Merrifield resin column [Figure 1 (bottom trace)], the empty cages are greatly reduced and
further endohedral products become evident beyond the Gd;N@Cs peak. In order to obtain only the
GdsN@Cg product, further purification was performed by fraction collecting with multi-stage HPLC
(column: Cosmosil 5-PYE; flow-rate: 2 mL/min; mobile phase: toluene), which separates different
species of metallofullerenes. Verification of the pure Gd;N@Cso product was performed by HPLC and
laser desorption time-of-flight mass spectrometry (LD-TOF-MS). Figure 2 (top) shows only one peak
for the fraction-collection purified product. The experimental isotopic distribution obtained for this
product by LD-TOF-MS matched the theoretical isotopic distribution calculated for Gd;NCgpas shown
in Figure 2 (bottom) giving verification of the product being pure GdsN@Csy.
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Figure 1. HPLC traces of the fullerene and metallofullerene solution before (top) and after
(bottom) selective removal of empty-caged fullerenes with cyclopentadiene functionalized

Merrifield resin column.
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Figure 2. (top) HPLC trace of purified Gd;N@Csp and (bottom) laser desorption
time-of-flight (LD-TOF) mass spectrometry of the purified Gd;N@Cso. Inset: expansion of

the spectrum showing theoretical and experimental isotopic distribution.
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Toluene was then removed by rotovap to yield the dry purified GdsN@Csgy product, and
functionalization of the Gd;sN@Cs with carboxyl and hydroxyl groups was carried out by methods
detailed previously [34]. Briefly, succinic acid acyl peroxide (3.2 mg) was added to Gd;N@Cs (4 mg)
dissolved in 5 mL of o-dichlorobenzene. The solution was de-oxygenated with flowing argon and
heated at 84 °C for 48 h. At 12 h intervals, additional succinic acid acyl peroxide (3.2 mg) was added
to ensure adequate carboxyl functionalization for aqueous solubility. After 48 h, a brown precipitant
was formed from which the water soluble product was extracted and endowed with hydroxyl groups by
addition of 8 mL of 0.2 M NaOH. The aqueous solution was concentrated and purified using a
Sephadex G-25 (Parmacia) size-exclusion gel column. The product was eluted using deionized water
as a narrow brown band with pH = 7-7.5. Following the purification steps, the Gd** concentration was
determined by inductively coupled plasma mass spectrometry (ICP-MS). This was performed by
digesting triplicate samples in Optima grade nitric acid and measuring for Gd against a standard curve.

2.2. I Labeling of Carboxyl and Hydroxyl Functionalized Gd;N@Csy

The functionalized metallofullerene sample (f-GdsN@Cso) was then iodinated with '**

125

I by methods
similar to those reported for I radio-iodination of hydroxylated C¢ fullerene derivatives [40] with
modifications. The '**I was activated by placing 100 puL (4.3 MBq) of a Na'*'I solution into an
iodogen-coated tube (Pierce). Then 100 pL of 0.08 mM f-GdsN@Cs, was added to the activated '**I
solution and allowed to react for 18 min with periodic vortexing. The '**I-labeled fullerenes were
subsequently purified by gel chromatography using a 30 x 10 mL Bio-Rad Econo-Pac 10 DG desalting

column eluted with water (20 x 0.5 mL fractions). The '**

I activity of each fraction was determined
using a dose calibrator and the UV absorbance was measured at 263 nm, the absorption peak for the
metallofullerenes. Twenty microliter aliquots from the peak fraction of the elution profile were
subjected to analytical HPLC to determine radiochemical purity (Waters, Ultrahydrogel™,

7.8 x 300 mm, GPC-1000 A; isocratic, 90% 0.05 M ammonium acetate, 10% methanol; 0.7 mL/min).
2.3. Cell Culture and Animal Model

T9 rat glioblastoma cells were grown in Dulbecco’s Modified Eagle’s Medium supplemented with
10% FBS at 37 °C in a 5% C0O,/95% air atmosphere. To prepare cell inocula, cells were harvested
from log phase cultures and resuspended in PBS at a concentration of 5 x 10* cells/5 pL.

All experiments involving the use of rats were performed in accordance with protocols approved by
the Virginia Commonwealth University Institutional Animal Care and Use Committee. Female
Fisher 344 rats (~150 g) were anesthetized by intraperitoneal (ip) injection of ketamine/xylazine
(70-100/7.5-10 mg/kg) and placed in a stereotactic frame (David Kopf Instruments). An incision site
on the top of the head was shaved with clippers and disinfected with betadine. After making a midline
incision, a 0.9 mm burr hole was drilled in the skull 1.5 mm anterior to the bregma and 3 mm laterally
to the right. A 22 gauge guide cannula (Plastics ONE, Inc.) was mounted stereotactically, centered on
the burr hole and held in place with surgical adhesive. The guide cannula was then anchored securely
to the skull by application of dental cement encompassing both the guide cannula and an implanted
MRI compatible screw. Subsequently, the incision was sutured and a 25 pL. Hamilton Syringe with a
28 G removable needle was used to inject 5 x 10* T9 cells in 5 puL of phosphate buffered saline (PBS)
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at a depth of 6.5 mm from the surface of the skull in the caudoputamen. Animals were allowed to
recover and then placed in the vivarium. Starting 7 days post tumor implantation, tumor size was
monitored by magnetic resonance imaging (MRI) with gadodiamide (OMNISCAN™) administered by
tail vein. On day 12 post tumor implantation, 24 pL of the '*I labeled f-Gd;N@Cs (7.77 x 10> MBq,
0.04 mM Gd;N@Csg) were infused into the developed intracerebral tumor via convection enhanced
delivery (CED) using a micro-injection pump (Bioanalytical Systems, West Lafayette, IN) at a flow
rate of 0.2 pL/min. Rats were then imaged by either MRI or microPET separately.

2.4. In Vivo Imaging Methods: MRI and microPET

Rats were intubated and anesthetized using 0.5—1% isoflurane with 1:2 N>O:O, carrier gas delivered
through a ventilator system. Magnetic resonance imaging was performed on a 2.35 T, 40 cm bore
magnet (Bruker Instruments, Billerica, MA). The animals were imaged by MRI (T;- and T,-weighted
images) to obtain baseline data immediately prior to intratumoral infusion, and at time points of 1, 24,
and up to 72 h post infusion. The rats for microPET imaging were anesthetized using 2—3% isoflurane
with O, carrier via nose cone and a 2 h post infusion PET scan was performed using a microPET

camera (Rodent R4, Concorde Microsystems) to visualize the '**

I distribution. Immediately following
12l imaging, 6.7 MBq of '*F FDG was administered by ip injection to highlight the brain anatomy.
Five minute static images utilizing a 350-550 keV energy window were obtained 5 and 45 min
following '*F-FDG administration without transmission scanning. Histogramming of list mode data

and image reconstruction were conducted using ASIPro VM software.
3. Results and Discussion

In a typical iodination reaction involving the radiolabeling of proteins or antibodies, the benzene
ring of tyrosine is labeled at the ortho position relative to the hydroxyl group [45]. Given the average
number of hydroxyl groups per f-Gd;N@Cso (~26) following the functionalization procedure [34], it is
likely that the '*'I attaches directly to the fullerene cage but the position of attachment is unclear.
A possible iodination position is illustrated in the reaction schematic (Figure 3); however further
studies involving iodination with non-radioactive Nal at higher I to f-Gd;N@Csg ratios will be
required to fully elucidate the iodination position. In the radiolabeled product prepared in this study,
the I to f~-Gd;N@Csgo ratio was low due to the high specific activity of '*I used, and the low
radioactivity (or number of radioactive molecules) required for PET detection relative to the
concentration of f~-Gd;N@Cs required for MRI. Therefore, at these low ratios, I labeling would not be
expected to significantly alter the physical and chemical characteristics of the f-Gd;N@Cso. Indeed,
Figure 4 (A) shows no detectable differences in the UV-vis absorption spectra; likewise, MRI
relaxivity was unchanged following iodination. Following the iodination reaction, the radiolabeled

product ('**

[-f-Gd3;N@Cso) was purified by gel chromatography during which 0.5 mL fractions were
collected and radioactivity measured using a dose calibrator. UV absorbance measurements were also
collected for each fraction at 263 nm to monitor the elution of the f-Gd;N@Cso. Radioactivity and UV
absorption elution profiles are presented in Figure 4 (B). In order to determine the labeling efficiency,

the total activity of the 3 fractions containing the **I-f-Gd;N@Cygo was divided by the activity of '**I
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placed in the iodogen tube at the beginning of the synthesis. The results from 7 independent
radiolabeling syntheses yielded 87 + 5% labeling efficiency.

Figure 3. Illustration of the reaction scheme starting with the endohedral metallofullerene
and resulting in the aqueous soluble, iodinated, dual-modality imaging probe.

e 0. 0 . Q-
.o’ : .o’ . 3
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Step 2: radiolabeling through iodination reaction

Figure 4. Analysis of 0.5 mL fractions collected post iodination during elution through the
desalting column by UV absorption (solid line—right axis) and activity measurements
(dashed line—Ieft axis).
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Fraction #8 contained both the highest 124 activity and f-Gd;N@Cso concentration and thus was
further subjected to HPLC analysis with UV/radioactive detection in order to determine the
radiochemical purity. As the f-Gd;N@Csgo nanoplatform has been extensively characterized in the
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literature [34-37,41,43,44], it was possible to obtain the radiochemical purity by HPLC separation.
This was due to the high purity of the f-Gd;N@Cs starting material which would only yield three
possible products following the iodination reaction, namely f-GdsN@Cso, '**I-f-GdsN@Cso, and free
1241, Using size exclusion separation methods, the radiolabeled and non-labeled f-Gd;N@Csgy will have
similar retention, leaving the free '**I to be the only separable species. As seen in Figure 5, the peak in
the UV trace at 14.5 min (red line—right axis), due to UV absorbance by the f-Gd;N@Csy, was
accompanied by a corresponding peak in the radioactive trace at 14.9 min (black line—Ileft axis) which
124I-f-Gd3N@C80 product. The 0.4 min offset in retention time is

due to the placement of the radioactive detector in series after the UV detector in our HPLC setup and

indicated the formation of the labeled

is a factor of tube length and flow rate. The radioactive peak in the iodination product at
19.5 min is free '**L. This is corroborated by the 19.5 min retention time of '*I alone in solution (black
dashed line—left axis). Integration of the peak areas of the iodination product yields 95%
radiochemical purity.

Figure 5. Analysis by HPLC of the iodinated product 124I-f-Gd3N@Cgo (solid lines)
showing detection by UV absorption (red trace—right axis) and radioactivity (black
trace—Ileft axis). The slight offset in the two traces is due to the detectors being connected
in series. The trailing peak in the radioactive trace for the '**I-f-Gd;N@Cso product was
confirmed to be free '*'I as evidenced in the matching retention time for '*I alone injection
(dashed line—Dblack trace).
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Rats bearing orthotopic T9 brain tumors were imaged day 10 post tumor implantation with
commercial gadodiamide in order to determine the proper depth of cannula placement for infusion
(images from two rats: Figure 6(A,D)). On day 12, 24 puL of "**I-f-Gd;N@Cso (7.77 x 10> MBq "I,
0.04 mM GdsN@Cso) was infused intratumorally; bright contrast (due to the endohedral Gd) can be
seen around the infusion site on the T;w image (Figure 6(B.E)). In both cases shown, the infused agent
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is located within the tumor. This is further evidenced by the Tow images in Figure 6(C,F) which show
dark contrast (due to high T, relaxivity) at the infusion site in the center of the tumor outlined by bright
contrasting peritumoral edema. Other rats infused identically to those above were subjected to
microPET imaging; the resulting images from a representative rat are shown in Figure 6(G-L).
Figure 6(J-L) was collected 2 h post '**I-f-Gd3sN@Cs, infusion by imaging for 5 min on the microPET
scanner and illustrates the intratumoral distribution of the '**I. The 'F-FDG image obtained
subsequently (Figure 6(G-I)) provides an anatomical reference for the location of the tumor and
infusion site. These results show that the position of the infusion site seen in the microPET image is
comparable with the positions evident in the MR images.

Figure 6. Magnetic resonance (MR) images from two representative orthotopic tumor
bearing rat brains and microPET images from one representative rat infused with the
f-GdsN@Cso product. (A, D) T,-weighted images with gadodiamide contrast.
(B, E) T;-weighted images showing bright contrast at the infusion site due to the
Lf-GdsN@Cso. (C, F) To-weighted images with dark contrast due to the
f-GdsN@Cso. (J-L) microPET images showing signal from the '**I-f-Gd;N@Cso.
(G) Coronal, (H) axial, and (I) sagittal microPET images following BE_FDG injection with
the additive image signal allowing for localization of the '**I-f-GdsN@Csgo within the right
hemisphere of the rat brain (arrows point to infusion sites).




Appl. Sci. 2012, 2 474

These studies have produced a dual-modality agent through the combination of a nanoplatform
based MR T, agent with high relaxivity (GdsN@Cso) and a '*I label for PET detection. The use of '*I
is advantageous due to the facile and rapid radiolabeling process that yields a product having high
radiochemical purity. In addition, relaxivity r; values of 70 s '-mM ' with respect to Gd concentration
have been reported for the carboxyl and hydroxyl functionalized Gd;N@Cso (f-Gd3;N@Cs), which is
over an order of magnitude greater than most chelate-based contrast agents [34]. The high stability of
the metallofullerene cage also provides a robust means for isolating the free metal from the biological
system thus suppressing toxic side effects [46,47]. Although the stability of the iodinated form of the
f-Gd;N@Cso (124I-f-Gd3N@C80) will require further investigation, our preliminary study suggested a

negligible amount of free '**

I as indicated by a lack of thyroid uptake in the PET scans following
infusion of the radio-iodinated agent.

The in vivo imaging investigations have clearly demonstrated the dual properties of the
[-f-GdsN@Cysp agent through visualization in orthotopic T9 tumors with both MRI and microPET

imaging with confirmation of anatomical location using subsequent '*F-FDG microPET scanning.

124

The use of CED in this study to deliver the agent directly into the tumor was chosen to bypass the
blood brain barrier (BBB), in order to sufficiently demonstrate image acquisition orthotopically.
Although CED administrations are currently used selectively in the clinic to deliver high doses of
therapeutic agents directly into malignant tumors, ultimately it would be desirable to have these
imaging agents administered intravenously as well. Surface modifications to metallofullerenes have
been attempted to allow for limited opsonization and diffusion across the BBB (e.g., polyethylene
glycols) [46]; however, further studies are needed to elucidate the most favorable surface coating.
Additionally, the optimal use of the agent will be realized with investigations using integrated and
simultaneous PET/MR scanners now under development and testing.

4. Conclusions

In summary, this work has successfully demonstrated the production of '**I-f-Gd;N@Cso, a dual
modality imaging agent designed for simultaneous PET/MRI examinations. MR contrast is provided
by the Gd, while the '*I annihilation photons allow for PET detection. The facile and efficient
iodination process is capable of yielding products with high specific activity. Since sensitivity
differences between the two imaging modalities could result in various ratios being required, future
work will address optimization of the reaction conditions to allow for control of the radiolabeled '**
(PET)/Gd (MRI) molar ratio in the '**I-f-Gd;N@Cgy agent. The employment of a single agent is
important in studies requiring close correspondence of tissue distribution profiles of the signals
acquired in both imaging modalities. As clinical PET/MRI research advances, the current
1f-Gd;N@Cso agent is promising because it will have identical biodistribution in both imaging
modalities. Additionally, the substitution of '**I with '*’I or "*'I utilizing the same synthetic methods in

this work will produce a dual MR diagnostic/therapeutic (theranostic) nanoprobe.
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