Synthesis of a glycosylated Gd-DOTA-4AMP with FDG:
towards a bimodal contrast agent for pH quantification
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Figure 3. Facile 18F labeling. FDG is in equilibrium with
pyranose and aldose conformations in the presence of elevated
temperatures and acidic conditions. E/Z oximes form by the
reaction between an aminooxy group and aldose FDG. The
aminooxy linker facilitates the labeling of many types of contrast
agents and biomolcules with 18F-FDG, expanding the availability
of relatively simplistic radiochemistry for 18F labeling.
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Approximately 60 Gd-based T1 MRI contrast agents have been
developed that can measure or respond to biomarkers.1,2 These
agents have been primarily limited to biochemical and in vitro
studies, because the concentration of the agent and the response
to the biomarker both affect MR image contrast. An orthogonal
method is needed to measure the concentration of the agent in
vivo, so that the T1-weighted MR image contrast can be used to
more accurately detect or measure the biomarker.
As an example, a GdDOTA-4AMP contrast agent3 was
previously developed and used map the extracellular tissue pH in
a rat glioma model.4 To improve this strategy, the GdDOTA-4AMP
contrast agent was conjugated with an 18F analogue and
demonstrated to quantitatively measure pH in biochemical
solutions using sequential PET and MRI.5
In this study, we describe the synthesis of a GdDOTA-4AMP
derivate conjugated with FDG through functionalization of an αamino-DOTA6 and subsequent glycosylation.7 The efficacy of the
synthesis route provides great flexibility for the design and
development of contrast agents for simultaneous PET/MRI.
To support the development of PET/MRI contrast agents, we
have also performed simultaneous 18FDG PET and acidoCEST
MRI with tumor models, to demonstrate that PET/MRI is feasible
for assessing tumor acidosis.
We have also performed
simultaneous 18FDG PET and DCE MRI with tumor models, to
demonstrate that the pharmacokinetics of contrast agents can be
dynamically tracked in vivo during PET/MRI studies.
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Figure 2. Simultaneous FDG PET and DCE MRI. A flank tumor model of MDAMB-231 mammary carcinoma was simultaneously imaged with positron emission
tomography (PET) and magnetic resonance imaging (MRI) using a NuPET™ insert
from Cubresa, Inc., installed within a 7T Biospec MRI scanner from Bruker Biospin,
Inc. After fasting the mouse for 1 hour, 9.1 mBq 18F-fluorodeoxyglucose was
injected intravenously and allowed to circulate for 40 minutes before starting the 60
min PET scan. The 3D image was reconstructed with 0.64 mm isotropic resolution.
A 2D slice of the PET scan is shown for comparison to the 2D MR image.
Simultaneous with the PET scan, Dynamic Contrast Enhancement MRI was
performed by acquiring axial spin echo images with 70 msec TR, 8 msec TE,
297x297 µm in-plane resolution, 1 mm slice thickness, and 9.0 sec temporal
resolution.
After acquiring 6 baseline images, 0.2 mmol/kg of gadobentate
dimeglumine (Multihance®, Bracco Diagnostics, Inc.) was injected and 196 images
were acquired for 30 minutes. The dynamic change in MR signal was used to
determine the relative Ktrans (Rktrans) value for each pixel using the linear reference
region model with muscle used as the reference region.9 Rktrans can be interpreted
as the relative vascular permeability within the tumor region.
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Figure 1. Simultaneous FDG PET and acidoCEST MRI. A
flank tumor model of MDA-MB-231 mammary carcinoma was
simultaneously imaged with positron emission tomography
(PET) and magnetic resonance imaging (MRI) using a
NuPET™ insert from Cubresa, Inc., installed within a 7T
Biospec MRI scanner from Bruker Biospin, Inc. After fasting
the mouse for 40 hours, approximately 8 mBq 18 Ffluorodeoxyglucose was injected intravenously and allowed to
circulate for 40 minutes before starting the 60 min PET scan.
The 3D image was reconstructed with 0.64 mm isotropic
resolution.
A 2D slice of the PET scan is shown for
comparison to the 2D MR image. Simultaneous with the PET
scan, acidoCEST MRI was performed acquiring CEST-FISP
MR images with 3 µT saturation applied for 3 sec at 40
frequencies ranging from 11 to –11 ppm, and with 297x297 µm
in-plane resolution and 1 mm slice thickness.8 After acquiring
4 pixel-wise CEST spectra, 9.8 mmol/kg of iopamidol
(Isovue®, Bracco Diagnostics, Inc.) was injected
intravenously, and then 6 pixel-wise CEST spectra were
acquired. The Bloch-McConnell equations modified to include
pH as a fitting parameter were used to analyze the difference
between the average pre-injection and post-injection spectra.
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Figure 4. Synthesis of the linker. Glyoxylic acid reacted with
benzyl carabamate to yield Cbz-α-hydroxyl glycine. The Cbz-αmethoxy methyl glycinate is afforded through a Sn1 and Fischer
esterification with methanol and H2SO4. Conversion to α-chloro
in the presence of thionyl chloride was refluxed for 1 day.

Figure 5. Synthesis of the chelator. T-butyl-DO3A reacted
with α-chloro methyl glycinate and potassium carbonate to
produce Cbz-protected DOTA. Subsequent hydrogenation and
amide conjugation yield the Boc-protected aminooxy-DOTA.
Global deprotection with trifluoroacetic acid and water afford the
aminooxy-DOTA.
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Figure 6. Synthesis of FDG-Gd-DOTA-4AmP. AminooxyDOTA-4AMP was used to chelate Gd(III). Glycosylation with
FDG is performed at acidic pH and elevated temperature.

