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This report presents synthesis and evaluation offt@e-labeled triphenylphosphonium (TPP) cations as
new radiotracers for imaging tumors by positron emission tomography. Biodistribution propertf€siof

L1, %4Cu-L2, *Cu-L3, and®*"Tc-Sestamibi were evaluated in athymic nude mice bearing U87MG human
glioma xenografts. The most striking difference is thtu-L1, ®“Cu-L2, and®Cu-L3 have much lower
heart uptake €0.6% ID/g) than®*"Tc-Sestamibi £18% ID/g) at>30 min p.i. Their tumor/heart ratios
increase steadily from1 at 5 min p.i. to~5 at 120 min p.i. The tumor/heart ratio ¥Cu-L3 is~40 times
better than that o™ Tc-Sestamibi at 120 min postinjection. Results from in vitro assays show/@at_1

is able to localize in tumor mitochondria. The tumor is clearly visualized in the tumor-bearing mice
administered witf*Cu-L1 as 30 min postinjection. THéCu-labeled TPP/TPA cations are very selective
radiotracers that are able to provide the information of mitochondrial bioenergetic function in tumors by
monitoring mitochondrial potential in a noninvasive fashion.

Introduction cells is sufficient to account for a 10-fold greater accumulation

Alteration in the mitochondrial transmembrane potential Of cationic compounds in carcinoma cells than in normal
(AW, is an important characteristic of cancer and is caused Cells*~**!In addition, the plasma transmembrane potentiaH(30
directly by mitochondrial dysfunction, such as DNA mutation 90 mV) can also preconcentrate the cationic species, thus
and oxidative stress? It has been demonsirated that the affecting their cytoplasmic concentration and the availability
mitochondrial transmembrane potential in carcinoma cells is for their mitochondrial uptaké.*
significantly higher than that in normal epithelial ceit$. For Cationic radiotracers, such 43™c-Sestamibi and*™Tc-
example, the difference iINW,,, between the colon carcinoma  Tetrofosmin (Figure 1), originally developed as radiotracers for
cell line CX-1 and the control green monkey kidney epithelial myocardial perfusion imaging by single photon emission
cell line CV-1 was approximately 60 mV (163 mV in tumor computed tomography (SPECT), are also able to localize in
cells versus 104 mV in normal cells). The observation that the tumor cells because of the increased mitochondrial transmem-
enhanced mitochondrial transmembrane potential is prevalentorane potential. Bot*"Tc-Sestamibi and®™c-Tetrofosmin
in the tumor cell phenotype provides the conceptual basis for have been successfully used for imaging cancers and the
development of mitochondrion-targeting pharmaceuticals and transport function of multidrug resistance P-glycoproteins
imaging probed:3.10-13 (particularly MDR1).17-25 However, their cancer diagnostic

Measurement of mitochondrial potential provides the most Vvalues are often limited because of their insufficient tumor
comprehensive reflection of mitochondrial bioenergetic function localization and high uptake in the heart and liver, which makes
because it directly depends on the proper integration of diverseit very difficult to detect small lesions in the chest and abdominal
metabolic pathways that converge at mitochondria. Since plasmar€gions.
and mitochondrial transmembrane potentials are negative, More than 20 years ago, radiolabeled cations of quaternary
delocalized cationic molecules with appropriate structural ammonium, phosphonium and arsonium were studied as ra-
features can be driven electrophoretically through these mem-diotracers for heart imaging§-2¢ Recently, several groups

branes and accumulate inside the energized mitochohdia. proposed to use the radiolabeled triphenylphosphonium (TPP)
Lipophilic organic cations, such as rhodamine-123 &Hd cations, such as 44F-benzyl)triphenylphosphonium (Figure
tetraphenylphosphoniuni{-TPP), have been widely used to 1: ¥F-BzTPP), as positron emission tomography (PET) radio-
measure mitochondrial potentials in tumor céf4.16 According tracers for both tumor and myocardial perfusion imagihg’

to the Nernst equation, the 60 mV difference in mitochondrial 3H-Tetraphenylphosphonium (Figure 3#4-TPP) was reported
transmembrane potential between the carcinoma and epitheliato have a better tumor uptake thH&ATc-Sestamibi, but its tumor
selectivity is very poor with the tumor/heart ratio being
*To whom correspondence should be addressed. Phone: «1.03135 In addition, 3H-TPP is not suitable for imaging
765-494-0236; fax 765-496-1377; e-mail: lius@pharmacy.purdue.edu. purposes. The high uptake BE-BZTPP in the heart and liver
T Purdue University. " R . . .
may also impose a significant challenge for its routine clinical

* Stanford University.
8 Nankai University. applications in diagnosis of cancer in the chest and abdominal
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Figure 1. Cationic radiotracers useful for tumor imagif§™c-Sestamibi and®™Tc-Tetrofosmin have been widely used to image tumors of
different origin by SPECT®Cu-L1, %4Cu-L2, and®Cu-L3 are evaluated in this study.

regions. Thus, there is an urgent need for new radiotracers thatchelates with many other radionuclides, suclt®a for PET,
have high tumor-selectivity and are able to provide the informa- 114n for SPECT, and®Y and ""Lu for radiotherapy.

tion of mitochondrial bioenergetic function in tumors by |n this report, we present the synthesis and evaluation of
monitoring mitochondrial potential in the noninvasive fashion. eicy.|1 (HL12 = triphenyl(4-((4,7,10-tris(carboxymethyl)-
Copper has several radionuclides, sucti’si, ®'Cu, ®Cu, 1,4,7,10-tetraazacyclododecan-1-yl)methyl)benzyl)phosphon-

64(:‘;’ Iaporﬁ;CEl{I.' ’ﬁ;]no'?r? g;gm,ﬁh “Cu ar;d?ﬁr arfe 9p3rtirr?iL:nlarlr¥d ium), 84Cu-L2 (HsL2 = triphenyl(4-((4,7,10-tris(carboxymeth-
usetut fo _maging.”L.u has a hafl-ite or 9. a yl)-1,4,7,10-tetraazacyclododecan-1-yl)methyl)benzyl)arson-
decays by positron emission (194% abundance). The short ha”'ium), anddCu-L3 (HsL3 = tris(4-methoxyphenyl)(4-((4,7,10-

life of 62Cu allows the repeated dose without imposing a . .
o L ; . tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)methyl)-
significant radiation burden to the patieAtCu has a half-life bergzyl)phgsphor{izjm) as new PETy radiotracers ¥o)r turr¥0)r

of 12.7 h and a lows™ emission rate (18%) with maximupi . > : . .
energy of 0.655 MeV. The long half-life 6fCu makes it more Imaging in athymic nude mice bearing supcutaneou; U87MG
human glioma xenografts. The U87MG glioma cell line was

feasible to prepare small biomolecule radiotracers. The rich h b it h limited itid ist
coordination chemistry of copper in combination with diverse ¢ osgnl ?Ciﬂusg' as very r‘I}TJ;iN muttidrug reIS|sI ance gene
nuclear properties of its radionuclides offers many opportunities (Particutarty 1) expressiort”*>We are particularly inter-

for development of diagnosti€iCu, 51Cu, 52Cu, and®Cu) and ested in the impact of heteroatoms (Figure 1. P v_ers_us_As)_ and
therapeutic{*Cu and®’Cu) radiotracers. Copper chemistry and methoxy groups of the TPP/TPA cations on biodistribution
radiochemistry, along with medical applications®€u- and characteristics of the corresponditf@u radiotracers. The main

s4Cu-labeled biomolecules, have been reviewed extensioedy. objective of this study is to demonstrate the intrinsic capability
Recen“y, we prepared three DO3A (1’4,7,10_tetraazacyc|0_ of the®4Cu-labeled TPP/TPA cations to localize in tumors. This

dodecane-4,7,10-triacetic acid)-conjugated TPP and triphen-study represents the first to use the radiometal-labeled TPP/

ylarsonium (TPA) cations and theifCu complexes84Cu-L1, TPA cations for tumor imaging.
64Cu-L2, and®Cu-L3 (Figure 1). TPP or TPA acts as the
“mitochondrion-targeting biomolecule” to carf§Cu into tumor a Abbreviation: HL1, triphenyl(4-((4,7,10-tris(carboxymethyl)-1,4,7,-

cells that have a much higher mitochondrial transmembrane 10-tetraazacyclododecan-1-yl ymethyl)benzyl)phosphoniwb2Hriphen-

; ; i i yl(4-((4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)-
Eﬁ;ﬁ}rgrolrfgﬁ th?;gflbceﬂ[:dszoifg I;bcl); F:gr;:;%aglzzereg asa methyl)benzyl)arsonium; #.3, tris(4-methoxyphenyl)(4-((4,7,10-tris(car-
' ém@ - boxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)methyl)benzyl)phospho-
DO3A chelate. DO3A also forms highly stable radiometal nium.
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Chart 1. Synthesis of DO3A-Conjugated TPP and TPA Cations
R
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Experimental Section

Materials and Instruments. Chemicals were purchased from
Sigma/Aldrich (St. Louis, MO) without further purification. DO3A-
(OBu-t)y; (1,4,7,10-tetraazacyclododecane-4,7,10&tsputyl-
acetate)) was purchased from Macrocyclics Inc. (Dallas, TX). The
NMR (*H and 3C) data were obtained using a Bruker DRX 300
MHz FT NMR spectrometer. The chemical shiftscaare reported
in ppm relative to TMS. Infrared (IR) spectra were recorded on a

HOLC
HaL3

The white solid was filtered, washed with toluene (5 mL) and
diethyl ether (20 mL), and then dried under vacuum to give the
intermediate product: (4-bromomethylbenzyl)triphenylphosphonium
bromide. The yield was 0.93 g (88.4%j NMR (CDCls, chemical
shift 6 in ppm relative to TMS): 4.35 (s, 2H,KGBr), 5.48 (d, 2H,
PCH,, Jpy = 15 Hz), 7.09 (m, 4H, €H,), 7.74-7.55 (m, 15H
CeHs). ESI-MS: m/z = 446.3 for [M+ H]* (calcd 446 for [GeHoz-
PBITh).

(4-(Bromomethyl)benzyl)triphenylarsonium Bromide. Tri-

Pe_rkin-EIm_er FT-IR spectrometer. Mass spect_ral data were COHeCtedphenyIarsine (0.90 g, 3.0 mmol) anck'-dibromomethylp-xylene
using positive mode on a Finnigan LCQ classic mass spectrometer, g 87'g, 3.3 mmol) were dissolved in nitromethane (8 mL). The
School of Pharmacy, Purdue University. Elemental analysis was yegyjting solution was refluxed for 6 h. The mixture was cooled to

performed by Dr. H. Daniel Lee using a Perkin-Elmer Series I
analyzer, Department of Chemistry, Purdue University. Cardiolite
vials were obtained as a gift from Bristol Myers Squibb Medical
Imaging (North Billerica, MA) and were reconstituted according
to the manufacturer's inserf*Cu was produced using a CS-15
biomedical cyclotron at Washington University School of Medicine
by the ®Ni(p,n)®*Cu nuclear reaction.

HPLC Methods. Method 1 used a LabAlliance semiprep HPLC
system equipped with a UV/vis detectdr= 254 nm) and Zorbax
Cis semiprep column (9.4 mnx 250 mm, 100 A pore size) for
peptide purification. The flow rate was 2.5 mL/min. The mobile
phase was isocratic with 90% solvent A (0.1% acetic acid in water)
and 10% solvent B (0.1% acetic acid in acetonitrile) a50min,
followed by a gradient mobile phase going from 90% solvent A

room temperature and kept still overnight to afford a white solid.
After filtration, the white solid was washed with a small amount
of acetone and dried under vacuum overnight. The yield was 0.41
g (24%).1H NMR (CDCly): 7.69-7.53 (m, 19H), 7.07 (s, 2H),
5.48 (s, 2H). ESI-MS:m/z = 490.3 for [M + H]* (calcd 490 for
[Ca6H23ASBITY).
(4-(Bromomethyl)benzyl)tris(4-methoxyphenyl)phosphoni-
um Bromide. Tris(4-methoxyphenyl)phosphine (0.74 g, 2.0 mmol)
was dissolved in toluene (6 mL). The resulting solution was added
dropwise to a toluene solution (5 mL) containingy'-dibromo-
p-xylene (0.53 g, 2.0 mmol) at 10C. After the reaction mixture
was refluxed at 100C for 18 h, the white solid was filtered, washed
with toluene (5 mL) and diethyl ether (20 mL), and then dried
under vacuum to give the product: (4-(bromomethyl)benzyl)tris-

and 10% solvent B at 5 min to 60% solvent A and 40% solvent B (4-methoxyphenyl)phosphonium bromide. The yield was 1.02 g
at 20 min. Method 2 used the LabAlliance HPLC system equipped (84.2%).H NMR (CDCls;, chemical shiftd in ppm relative to

with a UV/vis detector { = 254 nm), aS-ram IN-US detector,
and Vydac protein and peptide &column (4.6 mmx 250 mm,
300 A pore size). The flow rate was 1 mL/min with the mobile
phase being isocratic with 90% solvent A (10 mM ammonium
acetate) and solvent B (acetonitrile) at20 min, followed by a
gradient mobile phase going from 40% B at 20 min.
(4-(Bromomethyl)benzyl)triphenylphosphonium Bromide
Triphenylphosphine (0.54 g, 2 mmol) was dissolved in toluene (6

TMS): 3.86 (s, 9H, 4-O83); 4.36 (s, 2H, Ei,Br); 5.08 (d, 2H,
PCH,, Jpy = 15 Hz); 6.86-7.63 (m, 16H aromatic). ESI-MSm/z
= 536.4 for [M* + H] (calcd 536 for [GoH,gO3:PBI]"). The
intermediate product was used for the next step reaction without
further purification.
Triphenyl(4-((4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacy-
clododecan-1 -yl)methyl)benzyl)phosphoniungHsL1). Triethyl-
amine (0.5 mmol) was added to a solution of (4-bromomethyl-

mL), and the resulting solution was added dropwise to a toluene benzyl)triphenylphosphonium bromide (52.6 mg, 0.1 mmol) and

solution (5 mL) containingx,o’-dibromomethylp-xylene (0.53 g,
2 mmol) at 100°C. The mixture was refluxed at 10C for 18 h.

DO3A(OBu-t)} (52.0 mg, 0.1 mmol) in 3 mL of anhydrous DMF.
The mixture was stirred overnight at room temperature. Upon
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20 | Table 1. HPLC Retention Time and loB Values foré4Cu-L1,
) I 64Cu-L2, 64Cu-L3, and®*"Tc-Sestamibi
15 ;| retention
7 I: compound RCP (%) time (min) logP value
- 840 y-L1 i 99MTc-Sestamibi >98 16.5 1.09+ 0.15
2 1 | 64Cu-L1 >95 175 —2.67+0.21
E | 64Cu-L2 >95 17.7 ~2.65+0.02
Z s | II 64Cu-L3 >90 20.9 —2.02+0.01
) |
Al
5 M R - - S H . Table 2. Solution Stability Data for the HPLC PurifietfCu-L1 in
T T T T T T Saline and in the Presence of EDTA mg/mL in 25 mM Phosphate
0.0 5.0 100 150 20.0 25.0 30.0 Buffer, pH = 7.5)
Minutes
time after HPLC RCP RCP
20 purification, h (in saline) (in EDTA solution)
f 0.5 98 98
165 Il 1.0 98 98
I 2.0 98 98
(| 4.0 98 98
m I 6.0 98 98
£ Cu-L1 i
£ 5 L
=

i I subjected to HPLC purification. Fractions atl6.5 min were
| collected and lyophilized to give a white powder. The yield was
T = —— 14 mg (52%). The HPLC retention time wasl6.3 min (Method
T T T T T 1) with the purity>98%.'H NMR (D0, chemical shift) in ppm
£ = o =0 20 = o relative to TMS): 2.86-3.45 (m, 22H), 3.67 (s, 2H,16,), 4.63 (s,
o 2H, AsCH,), 6.94 (d, 2H,CsH4), 7.23 (d, 2H,CsHy), 7.37-7.73
| (m, 15H, CgHs). ESI-MS: mVz = 755.8 for [M + H]* (calcd 756
” I for [C4oH4gN4O6AS] ). Anal. Calcd for GoHs:ASN4Og:2.5H,0: C,
1 | 58.67; H, 6.56; N, 6.52. Found: C, 58.75; H, 6.31; N, 6.68.
I Tris(4-methoxyphenyl)(4-((4,7,10-tris(carboxymethyl)-
! | 1,4,7,10-tetraazacyclododecan-1-yl)methyl)benzyl)phosphon-
' ium (HsL3). To a solution of (4-(bromomethyl)benzyl)tris(4-
methoxyphenyl)phosphonium bromide (61.9 mg, 0.1 mmol) and
DO3A(OBu-t} (52.0 mg, 0.1 mmol) in 3 mL of anhydrous DMF
[\ was added triethylamine (0.07 mL, 0.5 mmol). The reaction mixture
o R e was stirred overnight at room temperature. Upon complete removal
T of DMF and excess triethylamine, the residue was dissolved in 2.2
00 50 100 150 200 280 0c mL of concentrated HCI (37%). After the mixture was stirred at
Minstes room temperature for 2020 min, excess HCI| was removed under
Figure 2. Representative HPLC chromatograms®@u-L1, Cu-L1, the reduced pressure. The residue was dissol_ved in 5 mL O.f 50%
and Mn-L1 under identical chromatographic conditions. Their almost DMF/water mixture, and the product was subjected to semi-prep
identical HPLC retention times suggest that the same metal complex HPLC purification. Fractions at-19 min were collected. The
was prepared at the trace¥qu) and macroscopic (Cu) levels, and  collected fractions were combined and lyophilized to give a white

that Cu-L1 most likely exists as its zwitterion form as observed for powder. The yield was 39 mg (48.7%). The HPLC retention time
Mn-L1. was~19.2 min (Method 1) with the purity 98%.'H NMR (D0,

chemical shiftd in ppm relative to TMS): 2.643.38 (m, 22H);

removal of DMF and excess triethylamine under reduced pressure,3.63 (s, 2H, El,); 3.73 (s, 9H, El3); 4.35 (d, 2H, PEl,, Jpiy = 13
the residue was dissolved in 2 mL of concentrated HCI. After being Hz), 6.677.37 (m, 16H, C¢H,). ESI-MS: m/z = 801.4 for
stirred at room temperature for @0 min, volatiles were removed ~ [M + H]* (calcd 801 for [GsHs4N4OoPT"). Anal. Calcd for
under the reduced pressure. The residue was dissolved in 4 mL ofCssHs/N4O11P: C, 62.78; H, 6.67; N, 6.51. Found: C, 62.68; H,
50% DMPF/water mixture, and the product was separated by HPLC. 7.05; N, 6.60.
Fractions at~16.5 min were collected and lyophilized to give a Cu-L1. To the solution containing #1 (40 mg, 0.56 mmol)
white powder. The yield was 45 mg (63%). The HPLC retention and Cu(OAcy2H,O (12.0 mg, 0.60 mmol) in kD (2 mL) was
time was~16.5 min (Method 1) with purity>98%.H NMR (D0, added 0.2 mL of NHOACc buffer (0.5 M, pH= 6.0). The resulting
chemical shiftd in ppm relative to TMS): 2.863.7 (m, 22H), solution was heated at 16C for 45 min. After filtration, diethyl
4.63 (s, 2H, Ei,), 4.68 (d, 2H, PEl,, Jpy = 13 Hz), 6.86-7.75 ether (15 mL) was added to the filtrate above. The precipitate was
(m, 19H, aromatic). ES-MSm/z = 711.3 for [M + H]* (calcd separated and dried under vacuum overnight before being submitted
711 for [CyoH4gN4O6P]T). Anal. Caled for GoHsiN4OgP-4H,0: C, for elemental analysis. The yield was 26.5 md&(.2%). A sample
59.85; H, 7.06; N, 6.65. Found: C, 59.53; H, 6.84; N, 6.79. was analyzed by HPLC. The HPLC retention time was 17.2 min

Triphenyl(4-((4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacy- with the purity >95%. IR (cnm?, KBr pellet): 1633.5 (Spc—o),
clododecan-1 -yl)methyl)benzyl)arsoniun(HsL2). To a solution 1721.3 (Spc=0) and 3432.1 (bsyo-n). ESI-MS (positive mode):
of DO3A(OBu-t} (15.6 mg, 0.03 mmol) and (4-bromomethylben- m/z = 773.3 for [M + H]" (caled 773 for [GoHisCUNsO6P]").
zyl)triphenylarsonium bromide (52.6 mg, 0.1 mmol) in 3 mL of Anal. Calcd for GoHCuNsOg-2H,0: C, 59.33; H, 6.18; N, 6.92.
anhydrous DMF was added triethylamine (0.02 mL, 0.15 mmol). Found: C, 59.11; H, 6.13; N, 6.63.
The mixture was stirred overnight at room temperature. Upon  %Cu-Labeling. Caution! 64Cu has a half-life of 12.7 h with a
removal of volatiles under reduced pressure, the residue wasfS* emission (Emax 0.655 MeV, 19.3%), #~ emission (Emax
dissolved in 2 mL of concentrated HCI to remove tiegt-butyl = 0.573 MeV, 39.6%) and an Auger-electron emission (41%). All
ester groups. After being stirred at room temperature for 2 manipulations must be performed in a laboratory apmd for
min, volatiles removed under reduced pressure. The residue washandling of radioisotopes. Radiation safety procedures must be
dissolved in 4 mL of 50% DMF/water mixture, and product was followed at all times to preent contaminationTo a 5 mL vial

4 Mn-L1

M illiv alts
=]
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Figure 3. Cellular and mitochondrial uptake (left) and efflux (right) kinetics*#¢u-L1 in both U87MG human glioma cell#) and tumor cell
mitochondria @). The radiotracer uptake is expressed as the percentage of total added radioactivity (%ID). The radiotracer efflux is represented by
the percentage of the intracellular radioactivityt at 0 before being recultured.

were added 0.5 mL of 0.1 M NaOAc buffer (p+ 6.9) containing of 10 uL of Mitochondria Isolation Reagent B, the mixture was

50 ug of the DO3A conjugate and 0.12 mL &CuCh solution vortexed at the maximum speed s and was then incubated on
(1.0-2.0 mCi) in 0.05 N HCI. The final pH in the reaction mixture ice for another 5 min. Upon addition of Mitochondria Isolation
was 5.0-5.5. The mixture was then heated at 1@for 30 min. Reagent C (80@L), the mixture was centrifuged at 7§@r 10

After being cooled to room temperature, a sample of resulting min at 4°C. The supernatant was transferred to a new tube and
solution was analyzed by radio-HPLC (Method 2). The radiochemi- was then centrifuged at 12 0§€r 15 min at 4°C. The supernatant
cal purity (RCP) was>90% for all three radiotracers before was discarded. To the pellet was added z0Q0of Mitochondria
purification. The specific activity was 3660 Ci/mmole for all three Isolation Reagent C. After centrifugation at 12 g0for 5 min
64Cu radiotracers. The HPLC retention time wa47.5 min for at 4°C, the mitochondrial pellet was put on ice for the uptake and
64Cu-L1 and®Cu-L2, and 20.4 min for%“Cu-L3. The HPLC efflux experiments.
concordance experiment was performed by sequential injection of  In Vitro Cellular and Mitochondrial Uptake. U87MG cells
HPLC-purified®4Cu-L1 and Cu-L1 under identical chromatographic were seeded into 12-well plates ¢8 10° cells/well) overnight.
conditions. Adherent cells were washed with PBS buffer, followed by addition
Dose Preparation All three 84Cu radiotracers were purified by  of 8Cu-L1 (10xCi in 1 mL of DMEM medium per well). After
HPLC before being used for biodistribution studies. Volatiles in incubation at 37°C for the specified time (15, 30, 60, 120, and
the HPLC mobile phase were completely removed. The residue 180 min), cell monolayers were washed with PBS ) &nd then

was dissolved in saline to give a concentration~dfO xCi/mL. lysed with NaOH-SDS (0.2 N NaOH, 1% SDS). The lysate was
The resulting solution was filtered with a 0.20n filter unit to counted by g-counter (Perkin-Elmer Wizaret 1480). The same
eliminate any particles. Each animal was administered witiLO procedure was used to carry out the mitochondrial uptake experi-
mL of the dose solution. For the imaging studCu-L1 was ment with the mitochondria isolated from the same number of
prepared and the resulting mixture was used without purification. glioma cells.

The reaction mixture was diluted te5 mCi/mL with saline. The Time Dependent Efflux from Cells and Mitochondria. UB7TMG
injected dose for each tumor-bearing mouse was abouu250f cells were seeded into 12-well platesx8L(° cells/well) overnight.
64Cu-L1. Adherent cells were washed with PBS, followed by addition of

Solution Stability. For solution stability in saliné’Cu-L1 was 64Cu-L1 (10 «Ci in 1 mL of DMEM medium per well). After
prepared and purified by HPLC. Volatiles in the HPLC mobile incubation at 37C for 180 min, the medium was removed. The
phase were removed under vacuum. The residue was dissolved irglioma cells were washed with PBSx3, isolated, and recultured
saline to~1 mCi/mL. Samples were analyzed by HPLC (Method with the radioactivity free DMEM medium for the specified time
2) at 0, 1, 2, 4, and 8 h post purification. In EDTA challenge (0, 15, 30, 60, 120, and 180 min). Cell monolayers were washed
experiment, the radiotracer was dissolved in 25 mM phosphate with PBS (3x) and were then lysed with NaOG+5DS (0.2 N
buffer (pH = 7.4) containing EDTA (1 mg/mL) to give a  NaOH, 1% SDS). The lysate was counted by-eounter (Perkin-
concentration of 1 mCi/mL. Samples were analyzed by radio-HPLC Elmer Wizard— 1480). For the mitochondrial efflux experiment,
(Method 2) at 0, 1, 2, 4, @8 h post purification. the mitochondria isolated from the same number of glioma cells

Partition Coefficient. All three radiotracers were purified by  were incubated wit§*Cu-L1 in the DMEM medium for 180 min
HPLC. After complete removal of volatiles in the mobile phase, and were then incubated in nonradioactive DMEM medium for the
the residue was dissolved in a mixture of 3 mL of saline and 3 mL specified time (0, 15, 30, 60, 120, and 180 min). The mitochondrion-
of n-octanol in a round-bottom flask. The mixture was vigorously bound activity was then isolated from centrifugation after PBS wash
stirred for 20 min at room temperature and was then transferred to (3x) and counted.
an Eppendorf microcentrifuge tube. The tube was centrifuged at Animal Model. Biodistribution studies were performed using
12 500 rpm for 5 min. Samples in triplets from n-octanol and the athymic nude mice bearing U87MG human glioma xenografts
aqueous layers were obtained and were counted in a gamma-counten compliance the NIH animal experiment guidelin€sigciples
(Perkin-Elmer Wizard- 1480). For comparison purposes, the log of Laboratory Animal CareNIH Publication No. 86-23, revised
P of 99"Tc-Sestamibi was also determined using the same procedure.1985). The animal protocol has been approved by Purdue University
The logP value was reported as an average of the data obtained inAnimal Care and Use Committee (PACUC). Female athymic nu/
three independent measurements. nu mice were purchased from Harlan (Charles River, MA)-a54

Mitochondria Isolation. U87MG cells were collected and  weeks of age. The mice were orthotopically implanted witk 5
mitochondria were isolated by Mitochondria Isolation Kit for 10 the U87MG human glioma cells into the mammary fat pad.
Cultured Cells (Pierce Biotechnology, Rockford, IL). Briefly, 800 Tumor cells were grown at 37C in Minimal Essential Medium
uL of Mitochondria Isolation Reagent A was added to a pellet of (Alpha Modification) containing 3.7 g of sodium bicarbonate/L,
2 x 10" U87MG cells. The mixture was vortexed at the medium 10% fetal bovine serum vl/v, in a humidified atmosphere of 5%
speed fo5 s and was then incubated on ice for 2 min. After addition carbon dioxide. Four weeks after inoculation, the tumor size was
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Table 3. Biodistribution Data of4Cu-L1 in Athymic Nude Mice Bearing the U87MG Human Glioma Xenogpafts

uptake (% 1D/g)

organ 5 min 30 min 60 min 120 min
blood 4.54+ 0.34 0.91+0.18 1.37+0.67 0.55+ 0.09
brain 0.18+ 0.06 0.13+0.17 0.04+ 0.03 0.05+ 0.02
heart 2.04+0.35 0.59+ 0.16 0.84+ 0.22 0.59+ 0.02
intestine 13.05 1.52 8.83+9.72 5.54+1.12 2.60+0.24
kidney 21.32+-5.44 3.19+0.35 3.29+0.73 2.20+0.42
liver 31.40+ 4.52 18.73+ 3.51 15.48+ 3.53 11.09+ 2.61
lungs 4.28+ 0.58 1.72+0.48 1.99+ 0.64 1.56+ 0.05
muscle 1.42+0.39 0.10+ 0.08 0.3%0.37 0.01+ 0.00
spleen 1.54+ 0.34 1.06+ 0.48 0.81+ 0.19 0.55+ 0.17
tumor 3.22+0.12 1.61+ 0.55 2.09+ 0.82 2.514+0.38
tumor/blood ratio 0.7%0.04 0.71+ 0.63 2.08+ 1.86 3.72+1.47
tumor/brain ratio 21.1% 10.69 34.66+ 24.58 119+ 45 39.72+ 17.99
tumor/lung 0.79+ 0.08 0.97+0.42 1.58+0.14 1.664+ 0.25
tumor/muscle ratio 2.030.18 7.36+ 10.10 137+ 183 226+ 50

aEach data point represents an average of biodistribution data in four animals.

Table 4. Biodistribution Data of“Cu-L2 in Athymic Nude Mice Bearing the U87MG Human Glioma Xenog#fafts
uptake (% ID/g)

organ 5 min 30 min 60 min 120 min
blood 4.00+ 0.43 0.67+ 0.08 0.66+ 0.27 0.57+0.13
brain 0.19+0.14 0.04+ 0.00 0.02+0.01 0.05+ 0.03
heart 1.87+ 0.66 0.28+0.13 0.37£0.13 0.51+0.22
intestine 13.80Gt 7.28 7.56+ 3.61 5.17+3.82 2.12+0.88
kidney 14.17+0.77 2.66+ 0.32 2.48+1.08 2.20+ 0.49
liver 26.29+ 0.45 14.83t 2.22 12.58t 1.55 10.85+ 2.93
lungs 3.56+ 1.05 0.96+ 0.07 1.01+ 0.53 1.48+0.25
muscle 1474 0.82 0.03+ 0.02 0.07+0.11 0.01+ 0.00
spleen 1.36t 0.14 0.46+ 0.17 0.50+ 0.36 0.46+ 0.13
tumor 2.52+ 0.30 1.25+0.22 1.66+ 0.64 2.30+ 1.03
tumor/blood ratio 0.63: 0.01 1.87+0.35 2.56+ 0.58 4.16+ 2.05
tumor/brain ratio 18.47%9.84 29.98+ 7.02 114+ 52.49 69.0%t 54.86
tumor/lung 0.75+0.23 1.30+0.14 1.72+ 0.29 1.62+ 0.36
tumor/muscle ratio 2.3%1.62 27.30+ 3.09 251+ 16.57 170+ 15.70

aEach data point represents an average of biodistribution data in four animals.
Table 5. Biodistribution Data of“Cu-L3 in Athymic Nude Mice Bearing the U87MG Human Glioma Xenogpafts
uptake (% 1D/g)

organ 5 min 30 min 60 min 120 min
blood 4.76+ 1.54 0.48+0.20 0.41+0.21 0.24+ 0.08
brain 0.13+ 0.06 0.01+ 0.00 0.01+ 0.00 0.01+ 0.00
heart 2.25-0.75 0.42+ 0.04 0.32+0.20 0.34+0.10
intestine 7.29% 2.15 5.34+ 3.55 1.97+0.97 1.50+ 0.15
kidney 18.83+ 7.53 3.60+ 0.71 2.63+ 0.51 1.99+ 0.23
liver 12.61+1.34 9.69+ 1.00 6.21+ 1.45 4.71+ 0.06
lungs 5.04+ 0.42 1.02+ 0.30 0.79+ 0.12 1.02£0.21
muscle 1.48+ 0.25 0.11+0.15 0.10+ 0.16 0.01+ 0.00
spleen 1.83:0.25 0.36+ 0.11 0.52+ 0.09 0.25+ 0.19
tumor 2.79+ 0.66 1.47+0.81 1.16+ 0.20 1.85+0.33
tumor/blood ratio 0.6 0.09 3.03+0.83 3.56+2.11 8.27+ 2.84
tumor/brain ratio 25.5& 17.92 147+ 81.32 110+ 10.18 185+ 32.94
tumor/lungs 0.55t 0.12 1.39+ 0.37 1.49+0.24 1.82+0.21
tumor/muscle ratio 1.88 0.37 46.74+ 43.14 71.35- 57.57 184+ 32.94

aEach data point represents an average of biodistribution data in four animals.

in the range of 0.30.6 g, and animals were used for biodistribution was also performed o¥#"Tc-Sestamibi, a well-known radiophar-
and imaging studies. maceutical approved for both myocardial perfusion and tumor
Biodistribution Protocol . Sixteen tumor-bearing mice (2@5 imaging, using the same protocol. The biodistribution data and
g) were randomly divided into four groups, each of which had four target-to-background ratios are reported as an average plus the
animals. The HPLC-purified*Cu radiotracer {1 uCi dissolved standard variation. Comparison between two different radiotracers
in 0.1 mL of saline) was administered each animal via tail vein. was also made using the one-way ANOVA test. The level of
Four animals were sacrificed by exsanguinations and opening of significance was set gt < 0.05.
thoracic cavity at 5, 30, 60, and 120 min postinjection (p.i.). Organs  Metabolism. The metabolic stability of*Cu-L1 was evaluated
were excised, washed with saline, dried with absorbent tissue, in normal athymic nude mice. Two animals were anesthetized with
weighed, and counted on jacounter (Perkin-Elmer Wizard- IP injection of ketamine (46100 mg/kg) and xylazine 25 mg/
1480). Organs of interest included tumor, blood, brain, spleen, lungs, kg). Each mouse was administered witGu-L1 at a dose of 100
liver, kidneys, muscle, and intestine. The organ uptake was uCidissolved in 0.2 mL of saline via tail vein. Urine samples were
calculated as a percentage of the injected dose per gram of wetcollected at 30 and 120 min p.i. by manual void and were mixed
tissue (%ID/g). For comparison purpose, the biodistribution study with an equal volume of acetonitrile. The mixture was centrifuged



Tumor-Selectie Imaging Agents Journal of Medicinal Chemistry, 2007, Vol. 50, No.5063

Table 6. Biodistribution Data of*™Tc-Sestamibi in Athymic Nude Mice Bearing the U87MG Human Glioma Xenografts
uptake (% I1D/g)

organ 5 min 30 min 60 min 120 min
blood 0.87+0.48 0.23+0.25 0.07+ 0.02 0.07+ 0.03
brain 0.22+0.05 0.14+ 0.06 0.11+ 0.02 0.07+ 0.01
heart 19.22+ 7.62 17.24+ 3.84 17.82+ 3.42 19.19+ 5.32
intestine 9.8Gt 3.01 10.26+ 2.70 13.31+ 3.89 6.19+ 2.94
kidney 37.45+ 13.15 28.49+ 6.00 24.28+ 4.91 13.50+ 4.48
liver 1437+ 1.01 8.59+ 1.17 7.29+1.27 4,70+ 2.31
lungs 6.20+ 2.59 2.57+0.70 1.81+0.34 1.55+ 0.54
muscle 4.84+1.22 472+ 1.22 4.83+ 1.46 5.45+1.24
spleen 3.2H1.39 1.94+ 0.63 1.51+ 0.23 1.77+0.90
tumor 3.06+ 1.15 2.11+ 0.47 1.47+0.54 1.55+ 0.36
tumor/blood 6.28+ 4.44 12.88+ 2.49 18.55+ 5.72 23.50+ 9.83
tumor/brain 16.69+ 8.72 16.87+ 7.95 12.53t 5.02 22.62+ 10.34
tumor/lungs 0.69t 0.07 0.95+ 0.34 0.89+ 0.15 1.22+0.32
tumor/muscle 0.63 0.36 0.46+ 0.05 0.26+ 0.10 0.24+ 0.06

aEach data point represents an average of biodistribution data in three animals.

at 8000 rpm. The supernatant was collected and filtered through aof the 6Cu radiotracers. DO3A is the bifunctional chelator of
0.20 um Millex-LG syringe-driven filter unit to remove the  our choice because it is able to form stable radiometal chelates
precipitate and large proteins. The filtrate was analyzed by radio- with many radionuclides, includinéfCu and®Ga for PET,
HPLC. Feces samples were collected~dt20 min p.i. and were 1140 for SPECT, and®Y and 177Lu for radiotherapy. kL1,
suspended in a mixture of 50% acetonitrile aqueous solution. The HaL2, and HL3 were prepared by reacting DO3A(OBy)ith

mixture was vortexed for 510 min. After centrifuging at 8000 the corresponding bromide (Chart 1). Hydrolysis of tae-

rpm for 5 min, the supernatant was collected and passed through .
0.20um Millex-LG syringe driven filter unit. The filtrate was then *butyl ester with concentrated HCI gave the expected product,

analyzed by radio-HPLC (Method 2). which was then subjected to HPLC purification. All three DO3A
Calibration of microPET. Scanner activity calibration was ~ Conjugates were isolated as the monoacetate salt and have been

performed to map between microPET image units and units of characterized by NMR, ESI-MS, and elemental analysis. The

activity concentration. A preweighed 50-mL centrifuge tube filled purity of the HPLC-purified DO3A conjugate must b€95%

with solution containin@“CuCIz_ (~9.3 MBq as determined by the  before being used for radiolabeling.

do_se calibrator) was used to S|mqlate the whole body of the mouse. Synthesis and Characterization of Cu-L1.Cu-L1 is used

This tube was weighed, centered in the scanner aperture, and |magegS a model compound for structural characterizatiof6t:-

for a 30 min static image. From the sample weight and assuming labeled TPP/TPA cations. Cu-L1 was prepared by reactisg H

a density of 1 g/mL, the activity concentration in the bottle was ) . . .
calculated in units oftCi/mL. Eight planes were acquired in the L1 with 1 equiv of Cu(ll) acetate in 0.5 M ammonium acetate

coronal section. A rectangular region of interest (ROI) (counts/ Puffer (pH= 6), was isolated as its Zwitterion salt, and has
pixel/ s) was drawn on the middle of eight coronal planes. Using been characterized by IR, ESI-MS, and elemental analysis. The
these data, a calibration factor was obtained by dividing the known IR spectrum of Cu-L1 shows a broad band at 3432.1'dnom
radioactivity in the cylinder 4Ci/mL) by the image ROI. This the crystallization water, a strong band at 1721.3 &ifinom
calibration factor was determined periodically and did not vary the uncoordinated carboxylate group, and a strong band at
significantly with time. o . 1637.1 cm* from two coordinated carboxylate groups. The ESI-
‘MicroPET Imaging S_tudles. PET imaging of tumor-bearing MS spectrum of Cu-L1 displays two molecular ionsvz =
mice was performed using a microPET R4 rodent model scanner 773 3 for [M+ H]* andmiz = 795.2 for [M + NaJ*. Many
(Concorde Microsystems, Knoxville, TN). The U87MG tumor- 5o ntq \were made to grow crystals for structural determination

bearing mice it = 3) were imaged in the prone position in the
microFgET sce?nner.)The tumoEbearing m?ce weFr)e injected with of Cu-L1 by X-ray crystallography, but they were unsuccessful.

~2504Ci of 84Cu-L1 via the tail vein and then anesthetized with On the basis of its elemental analysis and IR spectroscopic data,
2% isoflurane and placed near the center of the FOV where the We believe that Cu-L1 might exist as its zwitterion form in the
highest resolution and sensitivity are obtained. Multiple static scans solid state as observed for Mn-L1, which has been structurally
were obtained at 0.05, 0.2, 0.6, 2, and 19 h p.i. The images werecharacterized by X-ray crystallography in our previous sttfdy.
reconstructed by a two-dimensional ordered subsets expectation Radiochemistry. All three 84Cu radiotracers were prepared
maximum (OSEM) algorithm. No correction was necessary for by reacting®“CuChb with the DO3A conjugate (L1, Hal.2, or

attenuation or scatter. At each microPET scan, ROIs were drawn HsL3) in 0.1 M NaOAc buffer (pH= 5.0-5.5) at 100°C for
over each tumor and major organs on decay-corrected whole-body30 min. Their radiochemical purity (RCP) was90% with the

coronal images. The average radioactivity concentration (accumula- o L . .
tion) within the tumor or an organ was obtained from mean pixel SPECific activity in the range of 3850 Ci/mmol. Their logP
values within the multiple ROI volume, which were converted to Values (Table 1) were determined to b@.67 + 0.21, —2.65

counts/mL/ min by using the calibration constant C. Assuming a = 0.02, and—2.02 & 0.01, respectively, in the mixture of
tissue density of 1 g/mL, the ROIs were then converted to counts/ N-octanol and 25 mM phosphate buffer (pH 7.#Cu-L1 is
g/min and then divided by the total administered activity to obtain stable for>6 h after purification and remains intact fer6 h
an imaging ROI-derived percentage administered activity per gram without any decomposition (Table 2) in the presence of EDTA
of tissue (%ID/g). (1 mg/mL in 25 mM phosphate buffer, p& 7.4), which is
completely consistent with the metabolic stability %€Cu-L1
in urine samples of normal mice under anesthesia. We performed
Synthesis of DO3A ConjugatesWe are particularly inter- the HPLC concordance experiment using HPLC-purifit&eu-
ested HL1, HsL2, and HL3 since they allow us to assess the L1 and Cu-L1. Figure 2 shows radio-HPLC chromatograms of
possible impact of heteroatoms (P versus As) and methoxy 84Cu-L1 and Cu-L1 under the same chromatographic conditions.
groups of the TPP/TPA cations on biodistribution characteristics Since®*Cu-L1 and Cu-L1 have almost identical HPLC retention

Results



5064

4.0

3.0 -

20

Tumor Uptake (% ID/g)

1.0

0.0

10

Lung Uptake (% ID/g)

Muscle Uptake (% ID/g)
£

5 min

@L1

%!

R

&

PERSSEIE,

@|L2

K

¥

EL3 [ Sestamibi

Time Postinjection

@L1

""f

S0 0u 038",

mL2

EL3

Journal of Medicinal Chemistry, 2007, Vol. 50, No. 21

SISl

120 min

@ Sestamibi

5 min 30 min 60 min 120 min
Time Postinjection
L1 @L2 EL3 £ Sestamibi
vy ::::
e 5 =N <
30 min 60 min 120 min

Time Postinjection

Liver Uptake (% ID/g)

Heart Uptake (% ID/g)

Blood Activity (% ID/g)

40

35

30

25 4

30

5 min

EL2

BaL3

=L3

Time Postinjection

@ Sestamibi

El Sestamibi

120 min

Time Postinjection
@oL2 & Sestamibi
PR IR
60 min 120 min

Wang et al.

Figure 4. Direct comparison of organ uptake (tumor, blood, heart, liver, lungs, and muscle) bett@ehnl, 6“Cu-L2, %*Cu-L3, and®*Tc-
Sestamibi in athymic nude mice bearing U87MG human glioma xenografts. The most striking difference BéGuesdiotracers an&™Tc-
Sestamibi is uptake in the heart and muscle.

times, it is reasonable to conclude that the same metal complexdesigned to demonstrate th&Cu-labeled TPP cations are
indeed able to across plasma and mitochondrial membranes and
For comparison purposes, we also included the HPLC chro- localize in mitochondria of tumor cells. Figure 3 illustrates the
matogram of Mn-L1 under the same chromatographic condi- cellular and mitochondrial uptake (left) and efflux (right) kinetics

of %4Cu-L1. The radiotracer uptake is expressed as the percentage

was prepared at both tracéfCu) and macroscopic (Cu) levels.

tions# It is quite clear that Cu-L1 and Mn-L1 have almost

identical HPLC retention times~(17.5 min).

In vitro Cellular and Mitochondrial Uptake Kinetics. The
cellular and mitochondrial uptake kinetics &fCu-L1 was

of total added radioactivity (%ID). The radiotracer efflux is
expressed by the percentage of intracellular radioactivity=at
0 before being recultured. The uptakeS$Eu-L1 in the tumor
examined by using U87MG glioma cells. These studies were cell mitochondria (1.39 0.43 and 0.97 0.27 %ID/million
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7 64Cu-L2, andf“Cu-L3 increased steadily from1 at 5 min p.i.
6 @L1 BL2 ©L3  ©& Sestamibi to ~5 at 120 min p.i. The tumor/heart ratio Cu-L3 was
about 40-fold better than that §?™Tc-Sestamibi at 120 min
p.i. (Figure 5). The muscle uptake fCu-L1, %Cu-L2, and
64Cu-L3 was almost undetectable B0 min p.i. In contrast,
99T c-Sestamibi has a very high muscle uptake (4584.22 at
5 min p.i. and 5.45t 1.24 %ID/g at 120 min p.i.). In addition,
the lung uptake o¥°*"Tc-Sestamibi is significantly highep (<
0.05) than that 0f“Cu-L1,%‘Cu-L2, andfCu-L3 at 5-60 min
p.i., but this difference disappearetizah p.i.
PET Imaging. We performed a MicroPET imaging study
Time Postinjection on #Cu-L1 using athymic nude mice (= 3) bearing U87MG
Figure 5. Direct comparison of the tumor/heart ratios betwéu- hqman gll_oma xenografts. Flgu_re_ 6 IHUStrates the Co.r(.)nal
L1, ®4Cu-L2, %4Cu-L3, and%MTc-Sestamibi in athymic nude mice 'T“CFOPE,T images (A) and the activity accumylatlon quantlflcg-
bearing US7MG human glioma xenografts. The high tumor selectivity tion (B) in several organs of the tumor-bearing mice adminis-
is observed for all thre&*Cu radiotracers as demonstrated by their tered with~250 mCi of®4Cu-L1. The glioma tumor was clearly
higher tumor/heart and tumor-lung ratios than thos¥&®ifc-Sestamibi. visualized as early as 30 min p.i. with very high tumor-to-
background contrast. No significant radioactivity accumulation
) o ) o was detected in the brain. The radioactivity accumulation in
cells) is fast and is significantly h|ghe_r_than that in glioma cells the heart and muscle was also very low, which is consistent
(0.31+ 0.03 and 0.53t 0.05 %ID/million cells) between 15 it the results from ex vivo biodistribution studies. After
and 120 min postincubation (Figure 3: left). This radiotracer normalization, the tumor uptake #1Cu-L1 is 1.94+ 0.82 %ID/
uptake difference disappeared at 180 min postincubation. Nog, 2.31+ 0.90 %ID/g, 2.57+ 0.41 %ID/g, 3.51+ 1.20 %ID/
peak uptake was achieved in the glioma cells at&¥ h ¢ anq 3 11+ 1.44 %ID/g at 3 min, 12 min, 35 min, 2 and 19
incubation at 37C. In contrast, the efflux kinetics (Figure 3: ) i “respectively. The steady increase in tumor uptake between
right) of %Cu-L1 from glioma cells was significantly slower 45 and 2 h p.i. is completely consistent with that observed in

than that from tumor cell mitochondria. =~ the biodistribution study (Figure 4), and is supported by the
Biodistribution Characteristics. Biodistribution character- ¢\ “diffusion kinetics” of%Cu-L1 in both glioma cells and

istics of 4Cu-L1, %/Cu-L2, and®Cu-L3 were evaluated using  nitochondria of glioma cells (Figure 3).

the athygglc nude mice bearing U87M(.3 human glioma xe- Metabolic Properties. We performed metabolism studies on
nografts.®*"Tc-Sestamibi was evaluated in the same model for 64Cu-L1 using normal athymic nude mice. Each mouse was

comparison purposes. Biodistribution data®&€u-L1, 64Cu- administered with~100 uCi of ®Cu-L1. Since®Cu-L1 is

6 _ 99 - ihi i i
L2, ®Cu-L3, and*"Tc-Sestamibi are summarized in Tables excreted from both renal and hepatobiliary routes, we tried to

25?’426' Bgléz((e:4 igo%v%theLg ompgggsm(}n cgé)rtgan.glp'gakte be;ween collect urine and feces samples from the mice administered with
Uk, ells, TR UL, an c-oestamibl In tUMor, ~ e4cy| 1 The radio-HPLC was used for sample analysis to

blorgd, rkilearr]t, I;Vterr’nlur?ﬁs’ r?nrdtimus;l?\'lv':%g, iur(_aL? 'L';Jg“fgs the determine ifSCu-L1 is able to retain its chemical integrity at
comparison of “umorineart ratios be u-Ld, e, 2 h p.i. Attempts to collect the urine sample at 120 min p.i.

64(?#';26;;?99;1; g-iss,t?iiﬁriglr?lbroperties $Cu-L1 and®“Cu- were not successful. Figure 7 illustrates the representative radio-
' ; - . . HPLC chromatograms of*Cu-L1 (HPLC purified) in saline

!_Zuare almost !d_entlcal within Fhe experimental error. Their before injection (A), in the urine sample at 30 min p.i. (B), and

initial blood activity level was high (4.54- 0.34 and 4.00k in the feces sample at 120 min p.i. (C). There is no significant

0.43 %ID/g, respectively, at 5 min p.i.), but both are able to . . . LT .
- metabolite detectable in the urine sample at 30 min p.i. while
clear rapidly from blood (0,91 0.18 and 0.62- 0.08 %ID/g, only about 15% of“Cu-L1 remains intact in the feces sample

respectively, at 30 min p.i.) via renal and hepatobiliary routes. N . . -

The high initial blood activity level might contribute to the high Ztr%é? kTg:N%L ;Eﬁ;dtigtgg;@:f:;) (r)rilit: gc:/n;rg]ﬁjgfoep?hsi’ﬁén Ple
- 6ACU-L2 i : '

uptake of“Cu-L1 and™Cu-L2 in tumor (3.22+ 0.12 and 2.52 it is reasonable to believe that the TPP moiety?t@u-L1 is

+ 0.30 %ID/g), heart (2.04: 0.35 and 1.8 0.66 %ID/g), probably cleaved in the metabolite

kidneys (21.32+ 5.44 and 14.1# 0.77 %ID/g), lungs (4.28 '

+ 0.58 and 3.56t 1.05 %ID/g), and muscle (1.42 0.39 and

Tumor/Heart Ratio

5 min 30 min 60 min 120 min

G oA Discussion
1.474+ 0.82 %ID/g) at 5 min p.i. The biodistribution pattern of _ _ _
64Cu-L3 is similar to that of4Cu-L1, but its blood clearance is In this study, we reported the synthesis and evaluation of
faster. The liver uptake ¢¥Cu-L3 is significantly lower | < three®“Cu-labeled TPP cations as PET radiotracers for imaging

0.01) than that of*Cu-L1 and®4Cu-L2 at all four time points. tumors with much higher mitochondrial potentials than normal
Introduction of three methoxy groups seems to reduce liver cells. Cu-L1 was prepared as a model compound for structural
uptake and increase renal excretion (Table$B The heart characterization df*Cu-labeled TPP/TPA cations. On the basis
uptake for all thre€4Cu radiotracers was very low<(Q.6% ID/ of its spectroscopic and HPLC data, we believe that Cu-L1 most
g) at >30 p.i. likely exists in its zwitterion form as observed for Mn-£4.
We carried out the biodistribution S8 Tc-Sestamibi because  The exact structure of Cu-L1 remains unknown. Since the ionic
it has been widely used to image tumors by SPECT. The mostradius of Cu(ll) (0.67 A is very close to that of Ga(lll) (0.62
striking difference betweefCu-L1, 64Cu-L2, %Cu-L3, and A),% the coordinated DO3A in Cu-L1 might be the same as
99MT c-Sestamibi is their uptake in the heart and muscle (Figure that in [Ga-L1]", with one acetate group remaining deproto-

4). For example, the heart uptake wa8.6% ID/g at>30 min nated to balance to cationic charge of the TPP moiety.
p.i. for 84Cu-L1, 84Cu-L2, and®4Cu-L3 while the heart uptake 99mTc-Sestamibi and®™Tc-Tetrofosmin have been widely
of 99"T¢c-Sestamibi was 19.22 7.62 at 5 min p.i. and 19.18 used for both myocardial perfusion imaging and diagnosis of

5.32 %ID/g at 120 min p.i. The tumor/heart ratios®¢€u-L1, tumors in clinics®-52 However, their cancer diagnostic value
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Figure 6. The coronal microPET images (top) and the radioactivity accumulation quantification (bottom) in selected organs of the tumor-bearing
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mice administered with~250 mCi of®Cu-L1. Arrows indicate the presence of glioma tumors. All microPET images were decay-corrected.

is often limited because of its insufficient tumor localization
and high liver uptake, which makes it very difficult to detect

The difference in mitochondrial potential between carcinoma
cells and normal epithelial cells is60 mV1~415 Thus, the

small lesions in the chest and abdominal regions. Radiolabeledenhanced mitochondrial transmembrane potential in tumor cells

lipophilic cations, such a&H-TPP and'8F-BzTPP, have also
been evaluated as radiotracers for imaging heart and tuhdfs.
SH-TPP has better tumor uptake th#iTc-Sestamibi, but its
tumor selectivity is poor with the tumor/heart rati0.2. In
addition, there is always a high muscle uptake for FetirPP
and %" c-Sestamibfl:35

is most likely responsible for the tumor localization %€u-
L1, 64Cu-L2, ®4Cu-L3, and®*Tc-Sestamibi.

The difference between myocardium and normal tissue is their
mitochondrial population. Myocardium has the highest popula-
tion of mitochondria, which occupy 225% of the total vol-
ume of myocyte§! Other mitochondrion-rich organs also

In this study, we discovered a new class of radiotracers with include salivary gland, liver and kidneys. Mechanism studies

very high tumor selectivity. All thre€&Cu-labeled TPP cations

on 99Tc-Sestamibi indicate that both the lipophilicity and

show the tumor uptake comparable to or better than that of cationic charge play an important role in the accumulation and
99T c-Sestamibi (Figure 4), but their heart uptake is much lower retention of cationic®™Tc radiotracers in tumor cells and
and their tumor/heart ratios are significantly better than those myocytes?3-55 While the mitochondrial potential provides

of 99"Tc-Sestamibi at all four time points (Figure 5). For
example, the tumor/heart ratio efCu-L1 is 1.57+ 0.18 at 5
min p.i. and increases to 4.250.23 at 120 min p.i. while the
tumor/heart ratio of*"Tc-Sestamibi is<0.2 during tle 2 h study
period. The heart uptake féfCu-L1,%‘Cu-L2, and®*Cu-L3 is
also significantly lower than that 8H-TPP in the same animal
species>3 most likely because of high hydrophilicity of the
64Cu-DO3A chelate. The tumor selectivity &Cu-L1, 64Cu-
L2, and®Cu-L3 is unprecedented among all cationic radiotrac-
ers reported in the literatuf&38including ®*™Tc-Sestamibi and
SH-TPP. Results from the in vitro cellular and mitochondrial
uptake experiments (Figure 3) clearly demonstrate -

electrochemical driving force for the radiolabeled lipophilic
cations to enter mitochondria of tumor cells, the lipophilicity
modulates their penetration kinetics into plasma and mitochon-
drial membranes. For more lipophilic cationic radiotracers, such
as 99"Tc-Sestamibi (logP = 1.09 £ 0.15), their diffusion
kinetics are so fast that they tend to localize in the mitochon-
drion-rich organs, such as heatrt, liver, kidneys, and salivary
gland®6~5° For more hydrophilic cations, such &€u-L1 (log

P = —2.67+ 0.21), their membrane diffusion kinetics is very
slow (Figure 3: left), which makes it difficult for the more
hydrophilic cations across plasma and mitochondrial membranes,
thereby forcing them to localize in tissues where the mitochon-

labeled TPP cations are able to cross the plasma and mitochondrial transmembrane potential is elevated. Therefore, it is not

drial membranes and localize in mitochondria of tumor cells.

surprising that all threé*Cu radiotracers (lod® = —2.03 to

There are several factors affecting the tumor uptake and tumor—2.67) have low uptake in the heart and muscle with very high
selectivity of a cationic radiotracer. These include mitochondrial tumor/heart selectivity while lipophilic cations, such%%Tc-

population, mitochondrial potential, and lipophilicity of the
radiotracer. Various tumor cell lines exhibit differences in the

Sestamibi and®H-TPP, are excellent myocardial perfusion
radiotracers because of the high heart and muscle uptake and

number, size, and shape of their mitochondria relative to normal long myocardial retention. In this respect, myocardial perfusion

cells2 The mitochondria of rapidly growing tumors tend to be

radiotracers with very high lipophilicity (lo§ ~ 0.5-1.3) are

fewer in number and have fewer cristae than mitochondria from particularly useful for imaging “mitochondrial population” while

slowly growing tumors; the latter are larger and have charac-

teristics more closely resembling those of normal cellfws,
the high tumor uptake 23 %ID/g) of 8‘Cu-L1, %‘Cu-L2,
64Cu-L3, and®®™Tc-Sestamibi is not likely related to mitochon-
drial population in tumor cells. In contrast, the enhanced
mitochondrial potential is prevalent in tumor cell phenotype.

radiotracers with low lipophilicity (lod® = 0 to —3.0) are useful
for imaging “the enhanced mitochondrial potential”. This
conclusion is consistent with the high tumor selectivity of
rhodamine-123 (log® = —0.62) and MKT-077 (1-ethyl-Z-
[3-ethyl-5-(3-methylbenzothiazolin-2-yliden)]-4-oxothiazolin-2-
ylidenemethyl pyridinium chloride), an anticancer drug with the
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Figure 7. Radio-HPLC chromatograms of the HPLC purifiétCu-
L1 in saline before injection (A), in the urine sample at 30 min
postinjection (B), and in the feces sample at 120 min p.i. (C). Attempts
to collect the urine sample at 120 min p.i. were not successful. Each
mouse was administered with100 uCi of 4Cu-L1.
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log P value of —1.65961 |t is also supported by the results
obtained from studies on cationic triarylmethane dife®

It is interesting to note that all thre@Cu radiotracers
(64Cu-L1,%4Cu-L2, and®*Cu-L3) show a sharp decrease in their

Journal of Medicinal Chemistry, 2007, Vol. 50, No.5067

epithelial carcinoma KB-3-1 cells and HT29colon carcinoma
cells. The slow cellular and mitochondrial uptake kinetics is
consistent with the observation of a steady increase in the tumor
uptake of all three radiotracer8'Cu-L1, %*Cu-L2, and®4Cu-

L3) between 30 and 120 min p.i. in the biodistribution study.
The fact that the uptake 6fCu-L1 (0.31+ 0.03 to 0.53+

0.05 %ID/million cells) in glioma cells between £320 min
postincubation is significantlyp( < 0.01) lower than that in
mitochondria (1.3% 0.43 to 0.974+ 0.27 %ID/million cells)
isolated from glioma cells strongly suggests that the diffusion
process across the plasma membrane is a key step for the
radiotracer to enter mitochondria of tumor cells. This conclusion
is also supported by the slower efflux kinetics*&Eu-L1 from
glioma cells (Figure 3: right). It must be emphasized that these
in vitro data serve only as complimentary evidence, and should
not be viewed as “absolute” proof for the in vivo behavior of
the radiotracer.

Lipophilicity of a cationic radiotracer has a significant impact
on its diffusion kinetics to penetrate both plasma and mito-
chondrial membranes. For more lipophilic radiotracers, such as
99mTc-Sestamibi (logP = 1.09 4+ 0.15), their membrane
diffusion kinetics are fast and they can localize in tumor quickly.
For more hydrophilic cations, such #€u-L1 (logP = —2.67
=+ 0.21), their membrane penetration kinetics is very slow and
it takes them several hours to reach the maximal uptake in
glioma tumor cells. This explanation is consistent with the slow
cellular uptake kinetics of*Cu-L1 (Figure 3: left) and is also
supported by the fact th&Cu-L1 reaches its peak tumor uptake
at~6 h p.i. as observed in PET images of tumor-bearing mice
(Figure 5). Results from studies of cationic organic dyes also
showed that very hydrophilic and water-soluble organic cations
(log P < —1.5) will not be reach the equilibrium after 24 h
incubation with tumor cell§36°

MDR gene (particularlyMDR1) expression is another im-
portant factor that influences the tumor uptake of cationic
radiotracers. In this study, we choose the U87MG glioma cell
line since it has very limiteMDR1expressiort243High MDR1
expression is expected to result in a rapid efflux of cationic
radiotracer from tumor cells and significant reduction of its
tumor uptakeé?=25 Thus, the tumor uptake data reported herein
reflects the intrinsic capability df*Cu-L1, 84Cu-L2, and®*Cu-

L3 to localize in tumors due to the enhanced mitochondrial
potential. It is well-documented that catiod#Tc radiotracers,

tumor uptake between 5 and 30 min p.i., and a steady increaseSuch asmc-Sestamibi and®*"Tc-Tetrofosmin  originally

in their tumor uptake between 30 and 120 min p.i. while
99T ¢c-Sestamibi has a slow washout during thh study period

(Figure 4). We believe that the high initial tumor uptake of these
radiotracers is likely caused by their high blood radioactivity

approved as myocardial perfusion radiopharmaceuticals, are
clinically useful for noninvasive imaging of tiHdDR1 expres-
sion in tumors’=2% From this point of view8Cu-L1, 64Cu-

L2, and®Cu-L3 might be useful for noninvasive imaging of

level. The steady increase in tumor uptake suggests that it maythe MDR function in different tumors. Biodistribution and
take time for radiotracer to form the equilibrium inside/outside imaging studies in tumor-bearing mice with and withbR1

tumor cells. The fact that all thre¥Cu radiotracers have a

expression are still in progress, and the results will be reported

steady increase in their tumor uptake suggests that they areS @ separate account.

indeed able to localize inside mitochondria, instead of being
the “blood-flow” radiotracers. If they were simple blood flow

In addition to diagnostic applications, botfCu and®’Cu
are useful for radiotherapy- 4! 64Cu has a low-energg-emis-

radiotracers, there would have been a significant washout oversion Emax = 0.573 MeV, 39.6%) and an Auger-electron

time due to their rapid blood clearance.

In order to understand the biodistribution properties of
64Cu-L1, 5Cu-L2, and®Cu-L3, we performed cellular and
mitochondrial uptake experiments usiftCu-L1 in US7TMG
glioma cells. It was found that there is a steady increase in
cellular uptake of*Cu-L1 ove 3 h (Figure 3: left). No peak
uptake is observed after3 h incubation at 37C. In contrast,
99T c-Sestamibi shows the cellular uptake plateas 60 min
in several MDR-negative tumor cell lin€%,%8 including human

emission (41%)%Cu has three low-energ§-emissions Emax

= 0.577 MeV, 20%,; 0.484 MeV, 35%; and 0.395 MeV, 45%).
DO3A is useful for chelation of various therapeutic radionu-
clides, such as™in(Auger-electron emission)?Y (pure
B-emission Emax = 2.28 MeV), and'"’Lu (low-energyfs-emis-
sion Emax = 0.497 MeV). The fact that*Cu-labeled TPP/TPA
cations are able to localize in the energized mitochondria of
tumor cells suggest that the TPP cations chelated with a low-
energypS-particle or an Auger-electron radionuclide might be
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very attractive radiotracers for tumor radiotherapy because they (9) Dairkee, S. H.; Hackett, A. J. Differential retention of rhodamine

will have more opportunities to interact intracellular biomol-

ecules, such as DNA molecules, than the extracellular receptor-

based radiotracers. They may also produce more “intracellular”
free radicals, which are very reactive toward many biomolecules
inside mitochondria of tumor cells. However, in the absence of

123 by breast carcinoma and normal human mammary tiSseeast
Cancer Res. Treatl99], 18, 57—61.

(10) Gottlieb, E.; Thompson, C. B. Targeting the mitochondria to enhance
tumor suppressiorMethods Mol. Biol.2003 223 543-554.

(11) Mannella, C. A. The relevance of mitochondrial membrane topology
to mitochondrial functionBiochim. Biophys. Acta006 1762 140—
147.

eXperImenta| data, these assumptlons remain Iargely Speculat|0n(12) ROSS, M. F’ Ke|so' G. F’ B|a|k|e, F. H, ‘]ames’ A. M' Cocheme’

Conclusion

In this study, we discovered a new class of PET radiotracers

with very high tumor selectivity. Results from the in vitro
cellular and mitochondrial uptake kinetics clearly demonstrate

that the®“Cu-labeled TPP cations are able to across the plasma

and mitochondrial membranes and localize in mitochondria of
tumor cells. The most striking difference betwe®u-L1,
64Cu-L2,%4Cu-L3 and®"Tc-Sestamibi is their tumor/heart and
heart/muscle ratios. The heart uptake®u-L1,54Cu-L2, and
64Cu-L3 is much lower than that 8#™Tc-Sestamibi in the same
animal model. The tumor selectivity 6fCu-L1, %Cu-L2, and
64Cu-L3 is unprecedented among all the cationic radiotracers
reported in literature. While their high tumor uptake is due to

the enhanced negative mitochondrial transmembrane potentials

in glioma cells, their unprecedented high tumor selectivity is
attributed to their low lipophilicity (log® = —2.03 to—2.67).

The results from this study strongly suggest that®fGai-labeled
TPP/TPA cations are very selective tumor-imaging radiotracers,
and can provide the information of mitochondrial bioenergetic
function by monitoring mitochondrial potential in tumors.
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