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The favorable nuclear properties of actinium-225 (225Ac) have led to proposal of this isotope for
use in radioimmunotherapy. In an effort to reduce the toxicity of free 225Ac, a series of ligands
were evaluated for stability in vivo. Loss of 225Ac from acyclic chelating agents resulted in
high liver uptake and poor whole body clearance. The macrocyclic ligands c-DOTA, PEPA,
and HEHA were evaluated, and 225Ac-HEHA showed exceptional stability in vivo. 225Ac chelated
with EDTA, DTPA, DOTA, or PEPA permitted substantial accumulation of the radionuclide
to the liver, while the 225Ac-HEHA complex was essentially excreted within minutes of
administration. The preparation of the ligands and radiolabeled complexes and the biodistri-
bution results will be discussed.

Introduction

In the field of radioimmunotherapy (RIT), the radio-
isotope choice is related to the type of disease to be
treated. The types of particles emitted are directly
related to the tissue penetration and cell killing ability
of the isotope.1 Solid tumors have been successfully
treated with â- emitters including 90Y and 131I, where
the â- particle from these isotopes has a tissue range
of several millimeters.2 The tissue range of â- particles
is not optimal for treatment of small clusters of cells or
single cells, micrometastatic disease, leukemias, and
lymphomas.3,4 Treatment of these diseases may be more
efficient with R-emitters, which combine high cytotox-
icity and a short tissue range.1 Considerable effort has
been placed in the development of the R-emitters 212Bi
(t1/2 ) 60 min),5 213Bi (t1/2 ) 46 min)6, and 211At (t1/2 )
7.2 h).7 Unfortunately, the half-life of both 212Bi and
213Bi is short, potentially limiting applications. 211At also
has limited applicability, due to half-life and production
constraints. An alternative isotope proposed for RIT is
225Ac (t1/2 ) 10 d) which decays through a chain of four
R emissions and two â- emissions to the stable isotope,
209Bi.8 The decay process releases ∼28 MeV of energy
to the surrounding media, and 225Ac exhibits high
cytotoxity, in line with predictions from absorbed dose
calculations.9

225Ac injected intravenously is highly toxic with much
of the dose being deposited in the liver as well as in the
bone.9,10 Attempts have been made to reduce the toxicity
by chelation. Studies with 225Ac-citrate evaluated the
in vivo uptake and compared it to 169Yb-citrate.11 Beyer
and co-workers found that 225Ac-citrate had more ef-
ficient blood clearance, greater liver uptake, and lower
bone uptake than 169Yb-citrate.11 Further, 225Ac-citrate
showed poor whole body clearance. Beyer and co-
workers also evaluated EDTMP (ethylenediaminetet-
ramethylenephosphonic acid) as an 225Ac chelator.12

High liver uptake and poor excretion were again noted.
Recently, a novel carboxylate-derived calix[4]arene ligand
has been proposed for 225Ac, but no in vivo stability data
have been reported to date.13 Conventional chelates such
as EDTA (ethylenediaminetetraacetic acid) and CHX-
A′′ DTPA (N-[(R)-2-amino-3-(4-nitrophenyl)propyl]-trans-
(S,S)-cyclohexane-1,2-diamine-N,N,N′,N′′,N′′-pentaace-
tic acid) have also been evaluated in vivo.9 These
chelates reduce the liver dose somewhat; however CHX-
A′′ DTPA, the best 225Ac chelate to date, still had a
maximum tolerated dose of ∼100 kBq in mice. Higher
doses of 225Ac-DTPA resulted in 100% mouse mortality
by 8 days.9 The use of 225Ac in radiotherapy may hold
potential, but a suitable chelate with sufficient in vivo
stability has yet to be discovered.

Detailed below is the development of 1,4,7,10,13,16-
hexaazacyclohexadecane-N,N′,N′′,N′′′,N′′′′,N′′′′′-hexaace-
tic acid (HEHA), a novel chelate for 225Ac. The excep-
tional in vivo stability of 225Ac-HEHA will be discussed
and the biodistribution data presented. For com-
parison, the biodistributions of 225Ac-labeled EDTA,
CHX-A′′ DTPA, DOTA (1,4,7,10-tetraazacyclododecane-
N,N′,N′′,N′′′-tetraacetic acid), and PEPA (1,4,7,10,13-
pentaazacyclopentadecane-N,N′,N′′,N′′′,N′′′′-pentaace-
tic acid), are also presented.

Results and Discussion

The development of 225Ac as a viable radiotherapeutic
agent is limited by the toxicity of this isotope.9-12 One
method to reduce the toxicity is to “trap” the metal in a
chelating agent. The obvious choices of chelates are
EDTA, DTPA, and DOTA.14 All of these chelates have
been prepared as bifunctional molecules, which allows
efficient protein conjugation and radiometal chelation.15

For this work, the bifunctional CHX-A′′ DTPA16 and
c-DOTA (2-(4-nitrobenzyl)-1,4,7,10-tetraazacyclodode-
cane-N,N′,N′′,N′′′- tetraacetic acid),17 both currently
used in clinical trials,18 were tested (Chart 1). DOTA
has shown excellent stability with the lanthanides, in
particular Gd3+, and has led to the development of novel
MRI contrast agents.19 EDTA and CHX-A′′ DTPA did
form complexes, but unfavorable biodistribution pat-
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terns were observed, as discussed below. DOTA formed
an Ac complex of which considerable improvements both
in whole body clearance rates and decreased organ
uptake were evident. However, the liver accumulation
appeared to still be increasing over time along with bone
accumulation, albeit at a level lower than those observed
with the acyclic ligands. These observations led to the
examination of the larger polyaminocarboxylate deriva-
tized macrocycles, PEPA and HEHA, as novel radio-
metal chelates (Chart 1).

A route modified from that previously reported20,21

was employed for the preparation of PEPA and HEHA
in an attempt to improve the yield. A two-step process,
with overall yields of 79% and 48%, respectively, for
PEPA and HEHA, was developed. The 79% yield for
PEPA is approximately twice that reported for the
chloroacetic acid method (39%).20 Efficient N-alkylation
of the macrocycles required the preparation of the free
base under anhydrous conditions. Extraction of either
[15]aneN5 or [18]aneN6 as the free base from basic,
aqueous solution with chloroform was not efficient, with
<30% macrocycle recovered. Recovery of up to 90% was
obtained by the azeotropic removal of trace water with
benzene after neutralization of the acid with aqueous
base. N-Alkylation with tert-butyl bromoacetate was
efficient, and the partially alkylated products were
removed by chromatography. Saponification of the ester
yielded PEPA and HEHA, and characterization was in
agreement with the literature.20,21

Quantitative complexation (>95%) of 225Ac was ob-
tained with all ligands within 30 min at 40 °C, pH 5.8,
µ ) 0.1 M (NH4OAc), with the exception of PEPA where
complexation was 80%. Actinium complexes, with the
exception of Ac-acetate, were purified from a Chelex
column prior to injection. Further, the complexes were
stable >90% when left in MES buffer for 24 h.

The biodistributions of 225Ac-labeled EDTA, CHX-A′′
DTPA, DOTA, PEPA, and HEHA are shown in Table
1. 225Ac-acetate was used to mimic “free” 225Ac and will
be used as a reference for the chelated compounds. All

complexes showed good disappearance from the blood
with most of the activity below 2% ID/g by 1 h. There
was an unusually high uptake of 225Ac-acetate in the
heart, which appeared to decrease with improved che-
lation. For example, at 4 h postinjection, the heart
uptake dropped from 15% ID/g for 225Ac-acetate, 1-2%
ID/g for DTPA and PEPA, to 0.03% ID/g for 225Ac-
HEHA. A general decrease in the heart uptake was
observed with apparent increase in complex stability,
and a similar trend was observed for the liver, kidney,
spleen, and bone. After acetate, the EDTA complex
showed the highest uptake of 225Ac in all tissues,
suggesting this to be the least stable radiochelate. The
CHX-A′′ DTPA and PEPA complexes showed nearly
identical liver uptake at 120 h, which was ∼5-fold lower
than that from 225Ac-acetate and the EDTA omplex.
HEHA clearly demonstrated the highest complex stabil-
ity as determined by the low uptake of the radiocomplex
in all tissues. Elimination of the 225Ac-labeled ligands
from these tissues varied with the ligands. Labeled
acetate served to demonstrate the effect of lack of
chelation and the EDTA complex showed some improve-
ments, and while yet better results were observed for
the CHX-A′′ DTPA and PEPA radiochelates, significant
dose, 23.88% ID/g and 22.32% ID/g, respectively, was
retained in the liver at 5 days. The DOTA complex
showed an additional 5-10-fold reduction in the liver
accumulation. The 225Ac-HEHA complex showed supe-
rior reduction of radioactivity, with essentially all the
isotope excreted within 1 h with 0.17% ID/g remaining.

The structure of the ligand had a dramatic effect on
the biodistribution of 225Ac. The biodistribution of
225Ac-acetate indicates that free 225Ac was deposited in
the liver, which was consistent with literature reports.22

Early studies using 227Ac-serum protein complexes
noted high uptake in the liver and slow whole body
excretion. In fact, 50% of the dose remained in the body
after 6 months.22 In the current study, 225Ac-acetate,
once deposited in tissue, showed no clearance at 5 days
with accumulation in the liver still increasing. The
uptake of 225Ac-acetate in the bone and liver increased
slightly, from 6.9% ID/g to 9.35% ID/g in 5 days for bone
and from 107.4% ID/g to 134.6% ID/g for liver. This
suggests that if 225Ac were released from the chelate in
vivo, the majority would accumulate in the liver, with
some in the bone. Further, elimination of the isotope
from the liver was shown to be very slow, so the values
would be expected to remain constant or increase with
time, depending on the in vivo stability of the 225Ac
complex.

Linear polyaminocarboxylates do not appear to be
good ligands for 225Ac as evidenced by high liver uptake
(Table 1) for both the EDTA and CHX-A′′ DTPA radio-
chelates. The 24 and 120 h time points for the EDTA
complex (53.9 ( 3.99 and 85.94 ( 13.1% ID/g, respec-
tively, p < 0.005) demonstrate both this point and that
stated above, namely liver is the primary deposition
organ of this element and that the accumulation can
increase over time. Two factors can contribute to this
effect. First, in addition to the direct uptake of 225Ac by
the liver, there is some small concentration of 225Ac in
other organs such as skin, intestines, and muscle, which
have relatively large mass. This activity can leach back
out into the circulation and then serve as a source for
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slowly, increasing amounts of 225Ac in the liver. Thus,
blood appears to have a low concentration of 225Ac while
the concentration in the liver increases over time. A
second source of apparent increase in 225Ac concentra-
tion in the liver can be attributed to the observed loss
of body weight (∼10% over 5 days) that occurs with as
little as 5 µCi of 225Ac when it is poorly cleared, probably
due to dehydration. If one assumes this to be a uniform
effect, then organs that contain significant amounts of
225Ac actually weigh less at later time points, resulting
in increased values for the percentage injected dose per
gram. The reported stability constant10 of 225Ac-EDTA
is 1014.2 and was consistent with loss of 225Ac from this
complex. For radioimmunotherapy applications, previ-
ous experimental results indicate that an in vitro
stability constant of >1020 is required; however, equi-
librium values are only guidelines.23 The 225Ac-CHX-
A′′ DTPA complex showed notable improvement in
clearance of 225Ac and thus in stability over the EDTA
complex, suggesting that the increased number of
coordination sites, 8 vs 5, increased stability. Previously,
DTPA was used as a chelating agent for the removal of
227Ac in an animal model.21 Extremely high doses of
DTPA were administered with little effect on the liver
burden of 227Ac. Recently, it has been estimated that
CHX-A′′ DTPA provides ∼75% improvement in chela-
tion over EDTA, but the toxicity due to 225Ac leakage
was still substantial.9

Macrocyclic ligands were evaluated due to the general
increased stability observed compared to linear che-
lates.24 For example, Gd3+ shows greater stability with

DOTA than DTPA in vivo, presumably due to an
increased kinetic stability.25 The 225Ac complex formed
with DOTA, and as expected, substantial improvement
was observed for both elimination of the isotope from
the body and decreased uptake in the liver and bone.
However, these critical organs still accumulated low
levels of 225Ac with an increasing trend over time. This
was tentatively attributed to a combination of the large
ionic radius of Ac3+, estimated as 1.14 Å,10 the semirigid
nature of the macrocycle DOTA, and a decrease in the
number of carboxylates to bind and encapsulate the
metal ion. Larger macrocycles, PEPA and HEHA, were
then evaluated. Both PEPA and CHX-A′′ DTPA have
five carboxylate groups, which are predicted to give an
225Ac3+ complex of -2 charge at physiological pH. PEPA,
in contrast with CHX-A′′ DTPA, has two more nitrogens
available as coordination sites, yielding a coordination
number of 10, versus 8 for CHX-DTPA. Surprisingly,
both CHX-A′′ DTPA and PEPA labeled with 225Ac
showed similar and inadequate stability in vivo. HEHA
was the largest macrocycle evaluated, with six nitrogens
and six carboxylates to give a maximum coordination
number of 12. 225Ac readily formed a complex with
HEHA, with greater than 98% incorporation within 2
h. Gratifyingly, the in vivo stability of 225Ac-HEHA was
observed to be excellent with rapid whole body clearance
and with low liver uptake (Table 1).

The use of HEHA as a chelate for 225Ac therefore
substantially reduced the in vivo toxicity of this radio-
isotope. Presumably, the larger ring size and macrocy-
clic effect has led to the formation of a kinetically and

Table 1. Biodistribution of 225Ac-Labeled Chelates in Normal Micea

chelate tissue 1 h 4 h 24 h 120 h

acetate blood NM 0.75 ( 0.11 0.07 ( 0.11 0.07 ( 0.018
liver NM 107.4 ( 21.1 111.8 ( 2.13 134.6 ( 13.5
kidney NM 10.8 ( 1.0 6.17 ( 0.97 4.26 ( 0.15
spleen NM 4.11 ( 0.73 5.1 ( 0.23 23.7 ( 17.2
heart NM 15.1 ( 3.2 5.35 ( 1.09 3.21 ( 0.15
bone NM 6.90 ( 1.63 9.15 ( 1.2 9.35 ( 0.89

EDTA blood 1.81 ( 0.53 0.21 ( 0.07 e0.01 e0.01
liver 39.8 ( 5.2 56.5 ( 10.5 53.9 ( 3.99 85.94 ( 13.1
kidney 7.45 ( 1.41 5.45 ( 1.1 4.21 ( 1.26 2.73 ( 0.28
spleen 2.41 ( 0.33 1.53 ( 0.49 3.21 ( 0.76 9.12 ( 0.7
heart 9.21 ( 1.74 3.49 ( 2.27 1.64 ( 0.47 1.54 ( 0.19
bone 8.09 ( 1.97 7.77 ( 1.13 7.56 ( 0.29 10.3 ( 2.55

CHX-A′′ DTPA blood 0.86 ( 0.33 e0.01 e0.01 e0.01
liver 8.85 ( 2.14 12.9 ( 1.3 12.8 ( 1.6 23.9 ( 4.8
kidney 4.55 ( 1.07 3.36 ( 0.67 1.71 ( 0.33 1.51 ( 0.31
spleen 0.71 ( 0.09 0.40 ( 0.16 0.63 ( 0.08 5.41 ( 4.62
heart 1.99 ( 0.24 1.51 ( 0.45 0.43 ( 0.18 0.6 ( 0.74
bone 4.34 ( 0.95 4.44 ( 2.72 4.65 ( 1.25 4.18 ( 0.44

DOTA blood 0.24 ( 0.13 e0.01 e0.01 e0.01
liver 1.15 ( 0.35 2.04 ( 0.41 1.29 ( 0.25 3.29 ( 1.05
kidney 1.23 ( 0.23 0.80 ( 0.23 0.48 ( 0.09 0.27 ( 0.08
spleen 0.06 ( 0.01 0.04 ( 0.01 0.03 ( 0.01 0.03 ( 0.01
heart 0.16 ( 0.02 0.12 ( 0.02 0.04 ( 0.01 0.11 ( 0.02
bone 1.54 ( 0.43 1.76 ( 1.23 0.98 ( 0.10 2.87 ( 1.32

PEPA blood 1.33 ( 0.52 e0.01 e0.01 e0.01
liver 12.0 ( 2.13 16.4 ( 1.0 14.7 ( 1.42 22.3 ( 1.9
kidney 5.60 ( 1.72 3.47 ( 0.3 1.64 ( 0.29 1.28 ( 0.08
spleen 0.83 ( 0.09 0.59 ( 0.06 0.80 ( 0.29 1.63 ( 0.28
heart 2.65 ( 0.33 2.34 ( 0.27 0.68 ( 0.07 0.39 ( 0.06
bone 1.75 ( 0.14 1.6 ( 0.21 1.51 ( 0.1 1.6 ( 0.15

HEHA blood 0.03 ( 0.01 e0.01 e0.01 e0.01
liver 0.17 ( 0.04 0.23 ( 0.01 0.19 ( 0.02 0.26 ( 0.02
kidney 0.72 ( 0.17 0.71 ( 0.05 0.43 ( 0.08 0.25 ( 0.07
spleen 0.05 ( 0.01 0.027 ( 0.01 0.03 ( 0.01 0.03 ( 0.01
heart 0.06 ( 0.02 0.032 ( 0.005 e0.01 0.03 ( 0.02
bone 0.06 ( 0.05 0.025 ( 0.004 e0.01 0.02 ( 0.01

a Data are expressed as %ID/g with 3-5 animals per time point. NM ) not measured.
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thermodynamically stable species. The stability of sev-
eral HEHA complexes has been evaluated with a variety
of metal cations,26 and stability constants higher than
1021 are obtained for radiometals with an ionic radius
greater than 0.9 Å.20 Limited studies with thorium(IV)
and HEHA suggested a thermodynamically and kineti-
cally stable complex was formed for this actinide.27 Since
the ionic radius of 225Ac3+ is ∼1.14 Å, the 12 coordination
sites and the ligand flexibility supplied by HEHA may
contribute to the increased stability. The ready clear-
ance of 225Ac-HEHA from all tissues also implied that
the complex remained intact. It has been suggested that
negatively charged species are more efficiently cleared
from the body.28 The predicted -3 charge of the complex
under physiological conditions could mediate this en-
hanced clearance. Alternately, the extremely rapid
elimination of 225Ac-HEHA from the blood may not
provide an opportunity for the isotope to dissociate
within this time frame and these conditions, thereby
presenting the appearance of an inert complex under
in vivo.

Therefore, in conclusion, HEHA appears to be the
superior candidate for continued chelate development
for radioimmunotherapy. Further studies are ongoing
to develop this ligand as a bifunctional reagent for
targeted applications and to determine its suitability
for RIT with 225Ac.

Experimental Section
1,4,7,10,13,16-Hexaazacyclohexadecane trisulfate (hexacy-

clen trisulfate) was purchased from Aldrich, and tert-butyl
bromoacetate was purchased from Fluka. CHX-A′′ DTPA16 and
c-DOTA17 were prepared by the literature methods. All other
reagents were purchased from Aldrich, Sigma, or Fluka and
used without further purification.

1H and 13C NMR were obtained using a Varian Gemini 300
instrument. Chemical shifts are reported in ppm on the scale
relative to TMS, TSP, or solvent. Proton chemical shifts are
annotated as follows: ppm (multiplicity, integral, coupling
constant (Hz)). Chemical ionization mass spectra (CI-MS) were
obtained on a Finnegan 3000 instrument. Chemical analyses
were performed by Atlantic Microlab, Inc (Norcross, GA).

1,4,7,10,13-Pentaazacyclopentadecane-N,N′,N′′,N′′′,N′′′′-
pentaacetic Acid (PEPA). 1,4,7,10,13-pentaazacyclopenta-
decane pentasulfate was synthesized by the published method29

and the free base ([15]aneN5) prepared. Briefly, the pentasul-
fate salt was neutralized to pH > 13 with NaOH, and water
was removed in vacuo. Benzene was added and the slurry
refluxed with a Dean-Stark trap for 4-6 h to remove residual
water. The benzene solution was filtered and evaporated to
dryness to yield the free base.

1,4,7,10,13-Pentakis(tert-butoxycarbonylmethyl)-1,4,7,10,13-
pentaazacyclopentadecane was prepared by stirring a solution
of [15]aneN5 (250 mg, 1.16 mmol, 1 equiv) in anhydrous CH3-
CN (5 mL) with Na2CO3 (2.0 g, 18.9 mmol, 16 equiv) and tert-
butyl bromoacetate (3.5 mL, 23.8 mmol, 20 equiv). The reaction
was stirred at room temperature under inert atmosphere and
monitored by 1H NMR. The reaction was typically complete
in 5-10 d, as evidenced by a single methylene residue at 3.27
ppm. The solvent was removed under vacuum and a minimum
volume of CHCl3 added to generate a slurry. The slurry was
filtered through Celite-577 and the eluent applied to a silica
column (5 cm × 20 cm). The column was eluted with a 0-10%
methanol/CHCl3 gradient, and fractions were collected. Frac-
tions were analyzed by TLC on silica developed with 10%
methanol/CHCl3 and viewed by I2 staining. Fractions contain-
ing the product were combined and concentrated to yield 900
mg (99%) of pentaester as a pale yellow oil. 1H NMR (300 MHz,
CDCl3/TMS): δ 3.27 (s, 10H, NCH2CO); 2.62-2.78 (m, 20H,
NCH2CH2N); 1.46 (s, 45H, C(CH3)3). 13C NMR (75.5 MHz,

CDCl3): δ 171.84; 82.10; 56.78; 54.35; 51.86; 28.06. CI-MS: m/z
(M+ + 1) ) 786. Anal. (C40H75N5O10) C, H, N.

PEPA was prepared by heating the pentaester (290 mg, 0.4
mmol) in 12 M HCl (10 mL) at 105 °C for 5 h. The reaction
mixture was cooled and the acid removed under vacuum. The
residue was dissolved in 1-2 mL of H2O and lyophilized to
yield 200 mg (80%) of PEPA as the pentahydrochloride salt.
All spectra agreed with the literature values.20 1H NMR (300
MHz, D2O): δ 3.51 (s, 20H, NCH2CH2N), 3.95 (s, 10H, NCH2-
CO). FAB-MS m/z (M+ + 1) ) 506. Anal. (C20H35N5O10‚(HCl)5)
C, H, N.

1 , 4 , 7 , 1 0 , 1 3 , 1 6 - H e x a a z a c y c l o h e x a d e c a n e -
N,N′,N′′,N′′′,N′′′′,N′′′′′-hexaacetic Acid (HEHA). 1,4,7,10,-
13,16-Hexaazacyclohexadecane trisulfate was converted to the
free base ([18]aneN6) as described above. The hexaester, 1,4,7,-
10,13,16-hexakis(tert-butoxycarbonylmethyl)-1,4,7,10,13,16-
hexaazacyclootadecane, was prepared as follows. To a solution
of [18]aneN6 (500 mg, 1.94 mmol, 1 equiv) in anhydrous CH3-
CN (25 mL) was added Na2CO3 (2 g, 19.4 mmol, 10 equiv) and
tert-butyl bromoacetate (2.3 mL, 15.5 mmol, 8 equiv). The
reaction was complete in 7 d, and the product was isolated as
described above to yield 1.2 g (65%) of hexaester as a white
solid. 1H NMR (300 MHz, CDCl3/TMS): δ 3.36 (s, 12H, NCH2-
CO); 2.78 (s, 24H, NCH2CH2N); 1.45 (s, 54H, C(CH3)3). 13C
NMR (75.5 MHz, CDCl3): δ 171.35; 80.58; 55.39; 51.74; 28.13.
Anal. (C48H90N6O12) C, H, N.

HEHA was prepared by heating the hexaester (1.1 g, 1.17
mmol) in 12 M HCl (10 mL) at 105 °C for 5 h. The reaction
mixture was cooled and the volume reduced under vacuum
until a precipitate formed. The mixture was chilled and the
product collected by filtration to yield 700 mg (73%) of HEHA
as the hexahydrochloride salt. All spectra agreed with the
literature values.21 1H NMR (300 MHz, D2O): δ 3.58 (s, 12H,
N-CH2-CO); 3.34 (s, 24H, N-CH2CH2-N). Anal. (C24H42N6O12‚
(HCl)6) C, H, N.

225Ac Radiolabeling. 225Ac was separated from 225Ra (t1/2

) 15 d) by ion exchange and extraction column chromatogra-
phy as described previously.6b Stock solutions of purified
225Ac in 0.1 M HNO3 were freshly prepared as needed.
Complexes of 225Ac with EDTA, CHX-A′′ DTPA, DOTA, and
PEPA were prepared by mixing ∼100 µL of 225Ac solution (∼10
MBq, 0.1 M HNO3) with 20 µL of the ligand (∼1.0 × 10-2 M
in H2O) and adjusting the pH to near 5.0 by the addition of
5-10 µL of 1.0 M NH4OAc. The mixture was kept at 40 °C for
30 min and then purified on a Chelex column (∼300 µL of bed
volume, preequilibrated with 0.1 M NH4OAc, pH ) 5.0), using
2 mL of NH4OAc solution as eluant.

225Ac complexes were diluted in MES buffer, pH ) 6.2, to
final concentrations of 92, 185, 370, or 740 kBq in 200 µL of
solution and injected intravenously into mice.9 Aliquots were
taken from each dilution to serve as external standards for
activity determination. Complexes were also evaluated 24 h
after preparation to confirm stability. Evaluation of buffer
stability was achieved by passing an aliquot of the 225Ac
complex in MES buffer through a Chelex column (see above).
In all cases >90% of the 225Ac was found in the eluant. In
contrast, in control experiments without complexing ligands,
225Ac was retained quantitatively on the Chelex column. No
in vitro serum stability studies were performed.

Biodistribution. 225Ac-labeled chelates were evaluated in
normal female BALB/c mice. For each, 2.5 µCi in 200 µL of
MES buffer, pH 6.2, was injected via a tail vein, and three to
five animals were sacrificed at predetermined time points. The
tissues of interest were collected and weighed, and the 225Ac
content was determined 4 h later to allow for nuclear equila-
bration. The percentage injected dose per gram (%ID/g) was
calculated. The level of detectable 225Ac in the tissue and blood
samples is obviously related to the size of sample taken for
radioactivity assay and the length of the counting period.
Under our experimental conditions, the lower detection limit
of 225Ac was estimated at 10 cpm above the background (32 (
5 cpm) for a 10 min counting period. As an example, in a
typical 10 µL blood sample, a count rate of 10 cpm cor-
responded to a value of 0.01%ID/g. Therefore, when the count
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rates in samples were e10 cpm above background, the corre-
sponding %ID/g value in Table 1 is given as e0.01.
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