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Abstract

Synthesis, characterization, in vitro and in vivo biological evaluation of a heptamethine cyanine
based dual-mode single-photon emission computed tomography (SPECT)/near infrared
fluorescence (NIRF) imaging probe %MTc-PC-1007 is described. 9MTc-PC-1007 exhibited
preferential accumulation in human breast cancer MCF-7 cells. Cancer-specific SPECT/CT and
NIRF imaging of 9°™T¢ -PC-1007 was performed in a breast cancer xenograft model. The probe
uptake ratio of tumor to control (spinal cord) was calculated to be 4.02 + 0.56 at 6 h post injection
(pi) and 8.50 = 1.41 at 20 h pi (P<0.0001). Pharmacokinetic parameters such as blood clearance
and organ distribution were assessed.
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Cancer is a dynamically intricate and only partially understood disease affecting many
balanced biological processes required for normal cell growth and cell division. Early
diagnosis of cancer is a key factor that defines prognosis which ultimately reflects in
prolonged survival of patients!:2, Compared with other techniques such as magnetic
resonance (MR)3, Ultrasound (US)4, high sensitivity of nuclear imaging (PET/SPECT)>6
may offer better solution for detection and diagnosis of cancer at early stages and for
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monitoring the therapeutic response later in treatments’-9. Nuclear imaging probes such as
2-Deoxy-2-(18F)fluoro-D-glucose (FDG)10:11, (18F)Fluoro-3-deoxy-3-L-fluorothymidine
(FLT)1213 peing functional agents have been widely used in research and in clinic for
cancer diagnostic imaging, as well as for monitoring the progress in treatment. However,
FDG exhibits poor specificity and is a metabolic tracer, while FLT is more cancer specific
but less sensitive due to its limited incorporation in the DNA of cancer cells prohibiting their
widespread utility in the early detection and diagnosis of cancer*15, Therefore novel
nuclear imaging probes with high sensitivity, cancer-targeting specificity and optimized
physiochemical properties are desirable. The most ideal cancer imaging probe would be
adaptable to a broad range of cancer types, amenable to easy synthesis, sensitive enough for
detection and diagnosis, cost effective and potentially feasible for monitoring treatment
effect16,

We recently reported a new heptamethine cyanine dye based PET/near-infrared fluorescence
(NIRF) probe $4Cu-PC-1001 for dual-mode cancer imaging’. In our construct, the
heptamethine cyanine dye was employed as cancer-specific carrier due to its inherent
targeting property of a broad spectrum of cancer cell lines and tumors18-21, However,
application of PET imaging in research and clinical settings may be confined by the high
cost and limited supply of cyclotron-produced 84Cu radioisotope. In contrast, %™MTc version
of imaging probe for single photon gamma emission computed tomography (SPECT)
imaging provides a smart alternative due to the abundant availability and lower cost

of 99MTc isotope as well as imaging modality?2-25, In an effort to broaden application of the
cancer-specific cyanine dye in SPECT, we sought to synthesize and evaluate a %°MTc
labeled probe 99MTc-PC-1007 for imaging of cancer in dual-modality (SPECT/NIRF).

The cancer-targeting carrier heptamethine cyanine dye (MHI-148) 5 was synthesized
following previously reported procedures?® (Supplemental Scheme 1). As shown in Scheme
1, one of the two carboxyl group of 3H-indolenines of 5 was functionalized to NHS-ester,
conjugated with N“-t-Boc-protected lysine, and followed by deprotection of t-Boc with TFA
yielded MHI-148-Lysine conjugate 7. Conjugate 7 was purified by reverse phase semi-
preparative HPLC2” and characterized thoroughly by 1H, 13C NMR, mass analysis [m/z 811
(M*)]28 and fluorescence spectroscopy (Supplemental Figure 1-4). Purified conjugate 7 was
then mixed with t-Boc-HYNIC-OSu, followed by TFA deprotection, yielding the precursor
MHI-HYNIC 8. Compound 8 was purified by semi-preparative HPLC?7 (Supplemental
Figure 5) and characterized by 1H-NMR and mass analysis [m/z 946.6 (M*)]? prior to
radio-metal complexation (Supplemental Figure 6-7). The radiolabeled 9¥MTc-PC-1007 was
obtained by performing standard metalation of 8 with [®*™Tc]pertechnetate (Na?*™TcOy,,
Cardinal Health Inc. Charlottesville, VA) in the presence of nicotinic acid and tricine as co-
ligands under stannous chloride mediated reducing conditions. The radiolabeled

probe 99MT¢-PC-1007 was purified from unlabeled precursors, other reagents and
byproducts by semi-preparative HPLCZ2 with radiochemical yield >80% (starting from 1.1
GBq of ¥MTcO," to 888 MBq of labeled probe) and radiochemical purity of >95%
(Supplemental Figure 8). Partition coefficient (log P) of probe %°™Tc¢-PC-1007 was
quantified by measuring distribution of radioactivity in octanol and water and calculated to
be 1.03 + 0.01. In vitro stability studies of %MTc-PC-1007 was conducted by incubating the
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probe with fetal bovine serum and followed by radio-HPLC analysis. 9°™Tc-PC-1007
appeared to be slowly decomposing in serum. Most of the probe was observed to be stable
up to 6 hours in serum and displayed no appreciable degradation at earlier time points (1 and
3 hours, Supplemental Figure 9).

Time, concentration and organic anion transport polypeptides (OATPs) dependent cell
uptake studies of 9MTc-PC-1007 were performed in human breast cancer MCF-7 cells. The
cancer cell uptake in the initial 15-20 minutes was exponential and somewhat slowed down
by 25-30 minutes (Figure 1a). In a similar fashion, the uptake was appreciable when probe
concentration is less than 2 uM and reached a plateau beyond that concentration (Figure 1b).
Cancer cell specific uptake was observed to be mediated by OATPs expressed on cancer
cells as reported previouslyl’-18, When MCF-7 cells were pre-treated with an OATP
inhibitor bromosulfophthalein (BSP) (250 uM) and subsequently incubated with

probe #9MT¢-PC-1007, the resulting uptake was observed to be suppressed by ~66% (Figure
1c). Significant difference in uptake of 9¥MTc-PC-1007 via fluorescence intensity between
BSP-free and BSP-treated cancer cells also supported the observation that the OATP-
mediated mechanism is at least partly responsible for cellular accumulation at microscopic
level (Figure 1d). Similar trend and observations were made for PET imaging probe Cu64-
PC-1001 from our lab previously’.

MCF-7 cells grown in nude mice have long been used in our laboratory to evaluate the
effects of estradiol, anti-estrogen, and other agents on tumor growth30-33, This xenograft
model was used for all in vivo studies in accordance with current National Institutes of
Health (NIH) guidelines and protocols that were approved by the University of Virginia
Animal Care and Use Committee (ACUC). Mice were under anesthesia (1%-2% isoflurane
in oxygen) throughout all imaging procedures. Four weeks after MCF-7 inoculation,

probe 99MTc-PC-1007 (37 MBq, 200 pL saline) was injected into mice (n=3) via tail vein.
MicroSPECT/CT imaging was performed at 6 h and 24 h post injection (pi) with custom-
built scanner3* (see Supplemental Materials for details). After each SPECT/CT scan, the
mouse was transferred to the 1\VVIS spectrum (Caliper Life Science, MA) for NIRF imaging
with a filter set of Excitation/Emission = 745/820 nm (see Supplemental Materials).
Representative in vivo fluorescence and SPECT/CT imaging of tumor bearing mice at 6 h
and 20 h pi are presented in Figure 2a-d. Four tumors on ventral side were clearly visualized
by fluorescence imaging at both 6 h and 20 h pi (Figure 2a). Preferential uptake and
accumulation of #9MT¢-PC-1007 in tumor regions (yellow dotted lined areas) was observed
by SPECT, CT and co-registered SPECT/CT images at both time points (Figure 2b-d). To
further quantify SPECT images, the spinal cord (Area 2 in Figure 2e) of transaxial slices
was defined as background, to which the accumulated radioactivity in tumor region (Area 1
in Figure 2e) was normalized. The radioactivity ratio of tumor to spinal cord (Area 1/Area 2)
was calculated to be 4.02 + 0.56 at 6 h pi and 8.50 £ 1.41 at 20 h pi (P<0.0001) (Figure 2f).
The favorable imaging profile of %¥MTc-PC-1007 at later time point (20 h pi) may be due to
the slow elimination of the probe from blood. The detailed imaging of transaxial, coronal
and sagital slices is presented in Supplemental Figure 10 and 11 for 6 and 20h pi
respectively. The quantitative comparison between NIR signal and radio signal could not be
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performed as reported earlierl” but the similar trend of probe uptake was observed over
time.

Blood clearance study of 99MTc-PC-1007 was performed in tumor-bearing nude mice (n=4)
to determine related pharmacokinetic properties (see Supplemental Materials). The rate of
clearance from blood in first 300 minutes was observed to be very fast, but slowed down
considerably beyond 300 minutes. The data was fitted to a mono-exponential decay equation
y =Yyo + Apxexp[-(X-Xg)/t1], and the blood half-life (T1/,) was calculated to be 169 + 26
minutes using GraphPad Prism (Figure 3a). Ex vivo biodistribution studies were carried out
to examine the uptake profile of 99MTc -PC-1007 in tumors, organs and tissues. At 6h

pi, 9¥MTc-PC-1007 showed the highest retention in blood (2.80 + 0.11%ID/g) and moderate
accumulation in tumor (0.56 £ 0.05%ID/g), stomach (0.63 + 0.08%I1D/g), lung (0.71
0.14%I1D/qg), liver (0.62 = 0.08%ID/qg), heart (0.63 + 0.1%ID/g) and kidney (0.79 +
0.06%ID/g) while other organs demonstrated relative low levels of uptake (<0.50%ID/g). At
27 h pi, despite the highest retention was still observed in blood (1.53 £ 0.12%ID/qg), the
tumor uptake have been significantly improved as indicated by the ratio of tumor to blood
(T/B). The T/B ratio increased from 0.20 to 0.36 from 6 h pi to 27 h pi respectively (Figure
3b). This approximate 81% increase in T/B ratio suggested that probe 99MTc -PC-1007 could
be cleared out of blood slowly during one-day post injection while preferential tumor uptake
and retention remained at a stable and relative high level during the imaging window
(0.5-0.6%ID/g, highly comparable to the poor accumulation in other major organs, such as
liver and kidney, which are responsible for metabolism). Meanwhile, probe binding study
with blood components revealed that most of radioactivity (>95%) was associated with
serum (Supplemental Figure 12). The binding of probes to serum may explain the slow
clearance and high retention in the blood. Detailed procedures of all experiments are
described in Supplemental Materials.

In conclusion, the cancer-targeting SPECT/NIRF dual-modality imaging probe 99MTc-
PC-1007 has been successfully synthesized and characterized. The probe exhibited cancer-
specific targeting and accumulation properties in vitro and in vivo experiments.
Development of 9MTc-labeled “broad spectrum” cancer-targeting imaging probes would aid
scientists in advancing anti-cancer drug discovery and assist clinicians in monitoring the
efficacy of therapeutics. Further structural modifications to optimize tumor targeting are
ongoing in our laboratory with the aim to deliver more efficient imaging at early time point,
which may be realized by improving water solubility and lowering non-covalent
hydrophobic binding of the probe to proteins in blood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vitro cell uptake of 9¥MTc-PC-1007 in MCF-7 breast cancer cell lines. (a) Concentration-

dependent cell uptake plotted as cellular radioactivity (CPM/mg protein) vs. probe
concentration (UM). (b) Time-dependent cell uptake plotted as cellular radioactivity
(CPM/mg protein) vs. incubation time (min). (c) Normalized %cell uptake in the absence
and presence of an OATP inhibitor, bromosulfophthalein (BSP) (250 uM), supporting the
transporter-mediated cell uptake mechanism. (d) Fluorescence microscopic imaging of
MCF-7 cells upon accumulation of 99MT¢-PC-1007 with or without BSP (250 uM) at 100
fold magnification (shown as x100 on images).
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6h
Time after tracer administration

20 h

Representative in vivo SPECT/CT and NIRF imaging of probe 99MTc-PC-1007. (a) Epi-
fluorescence imaging of tumor-bearing mice at 6h and 20 h pi. (b) Transaxial CT, (c)
SPECT and (d) fused SPECT/CT images of #9MTc-PC-1007 at 6h and 20 h pi. (¢) Example
of ROI measurement of Area 1 (Tumor) and Area 2 (Spinal cord as background) on a typical
transaxial SPECT/CT image. (f) Tumor-to-background ratios calculated as ratio of
accumulated radioactivity in designated areas (n=3 per time point). Note: tumors are

indicated by yellow dotted circles on all images.
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Figure 3.
Pharmacokinetic profile of probe 9MTc-PC-1007. (a) Monoexponential blood clearance

curve of 99MTc-PC-1007 in tumor-bearing nude mice (n=4) after probe administration via
tail vein. The calculated half-life in blood was observed to be 169 + 26 minutes when fitted
into the equation: y = yo + Apxexp[-(x-xg)/t1]. (b) Ex vivo organ distribution of 29MTc-
PC-1007 at 6 h and 27 h pi, revealing long circulation of probe in blood and relatively high
accumulation in tumor, lung, liver and kidney.
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Scheme 1.

Synthesis of ¥MT¢ -PC-1007. Reagents and conditions: (i) N-hydroxy succinimide, DCC,
anhydrous CH,Cl,, rt; (ii) a. N-a-Boc-L-Lysine, borate buffer, pH 8.5, 4°C; b. TFA, 45%;
(iii) a. Boc-HYNIC-OSu, borate buffer, pH 8.5, 4°C; b. TFA, 72%; (iv) Na®™MTcOy, SnCls,
Nicotinic acid, tricine, >80%.
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