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Cryptate Complexes of Generator Produced Isotopes 

K.A. Krohn, Y. Yano~ T.F. Budinger, and B.R. Moyer 

Division of Nuclear Medicine, RC-70 
University of Washington, Seattle, WA 98195 and 

Department of Research Medicine, Donner Laboratory, 
University of California, Berkeley, CA 94720 

We report some preliminary measurements of the 
potential of multicyclic polyethers (cryptands) 
as ligands to modify the pharmacokinetic prop
erties of simple radioactive ions available from 
generators. The in vivo behavior of the complexes 
(cryptates) should be dominated by the highly 
lipophilic surface of the cryptand which surrounds 
the charged radioactive :.on. We envision cryptate 
complexes with several generator-produced isotopes 
but ini':iated our measurements with longer-lived 
nuclides, including monovalent Ag-llOm and diva
lent Sr-85 bound to the [2.2.2] cryptand. Murine 
distribution kinetics were similar for both Ag and 
Sr labeled [2.2.2] , giving us confidence that the 
ligand was dominating the biodistribution proper
ties of these complexes. At 1-2 min the cryptate 
distributions were also similar to blood flow ex
pressed as a percentage of cardiac output. Tnere 
were two important differences between the labels; 
Sr was more stable in vivo but Ag was more lipo
philic. These results suggest that generator
produced isotopes such as Rb-82 (T~ = 75 sec) se
questered inside cryptands may be useful freely 
diffusible tracers for measuring blood flow by 
positron emission tomography. It would be more 
convenient to make this measurement with generator
produced isotopes than with water from cyclotron
produced oxygen-15 (T~ = 122 sec). 

Ihe time course for biodistribution of a radiopharmaceutical 
throughout the body is a multifaceted function involving the rate 
of delivery of the tracer to individual tissues, the rate at 
which the tracer is extracted and retained by the tissues t and 
the rat~ at which the tracer is chemically processed, or for 
some reason egresses from the tissue. In metabolic imaging 



the goal is to interpret pharmacokinetics in terms of the second I 
and third of these factors; yet the first factor, that of delivery 
of the tracer to target tissues, will always be a complicating I 
factor in modeling metabolic radiopharmaceuticals. For this I 
reason, physiologic tomography using positron emitting radiophar-! 
maceuticals would benefit from independent measurements of blood I 

I 
flow to the target tissue. This information would allow the in- : 
vestigator to quantitatively separate hemodynamic factors from ! 
biochemical factors when interpreting the time course of metabolic 
radiotracers. I 

Simultaneous measurements of flow and metabolism have been 
achieved using simultaneous injections of cocktails containing 
tritium, carbon-14, iodine-125 and/or micro spheres labeled with . 
various nuclides. However, because all positron emitters involve' 
the same gamma 'ene~gy for the detected radiation, it is not use- I 
ful to simultaneously inject two different positron emitting radio
chemicals, one purely a marker for blood flow, the other involv- • 
ing metabolism. The next best experimental approach would be to ! 

make the hemodynamic measurement in the closest possible temporal' 
proximity to injection of the biochemical tracer. This can be 
done best using the shortest lived radionuclides that are practi
cal for the measurement. Radionuclide generators are the ideal 
source for these isotopes. Thus we are developing tracers for 
measurement of blood flow that are based on complexes of very . 
short-lived nuclides available from generators. ! 

Our initial goal was to test the potential of cyclic poly- I 
ethers as modifiers of the pharmacokinetics of simple radioactive i 
ions. Would they result in altered biodistributions that could II 

be interpreted as representative of blood flow? Simple macro
cyclic organic ligands such as cyclam (1) and the crown ethers (2) 
have been the subject of some investigation in the field of nu- -: 
clear medicine.~However, our efforts were directed toward the use 
of cryptands, three-dimensional crown ethers with nitrogen bridge! 
heads (3-6). This added dimension results in an almost spherical! 
intramoTe~ular cavity that increases their stability for complex- 'Ii 

ation with spherical cations by several orders of magnitude over 
planar crown ethers. Cryptands have been used in chemical syn- I 

thesis as ligands to introduce cations into aprotic solvents. They 
are commercially available or can be synthesized easily from in- !I' 

expensive starting materials and are relatively nontoxic. 
Cryptates are inclusion complexes formed between cations and i 

cryptands. Their bicyclic structure results in a flexible three I 
dimensional configuration with a central cavity capable of accept~ 
ing and complexing cations to varying degrees. Because the Inter~ 
national Union of Pure and Applied Chemistry (IUPAC) nomenclature: 
for these compounds is cumbersome, they are commonly described by i 
number and tdentity of donor atoms in each chain between the 
bridgehead nitrogens. In most cases the donor atoms are oxygen 
in ethyl ether linkages. As an example, the cryptate in Figure 
1 is referred to as M+[2.2.2] because there'are two oxygen atoms 
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in each of three chains. i 
Cryptates are highly lipophilic molecules that readily cross, 

biological membranes (~) and are therefore potential molecules i 
for measuring blood flow. The in vivo behavior of cryptates wouJ.d 
be expected to be dominated by the highly lipophilic surface of ! 
the cryptand surrounding the charged radioisotope. The biological 
model for these tracers might be that of an inert, freely diffus-i 
ible indicator that could be interpreted by the formalism used I 
for iodoantipyrine (9). Alternatively, these radio pharmaceuticals 
might be extracted very rapidly in direct proportion to blood I 
flow, but then the cryptand and tracer might promptly dissociate: 
within the cell and retain the ion at the location where it was i 
initially delivered. This mechanism would lead to the experiment+ 

I 
al methods and data analysis used for micro spheres (10). : 

Cation-cryptand complexes have a wide range of dissociation I 
rates that-correlate with the compatability in size of the cationl 
and the crypt and ~vith the charge on the central ion. Loosely ! 
fitting complexes are weakly bound, independent of charge. Other! 
cations are too large and form exclusion complexes. Those of I 
optimal dimensional matching between cation and crypt form maxi-I 
mally stable inclusion complexes. A compilation of literature I 
data (11-13) has resulted in Figure 2, a plot of dissociation con~ 
stant as a-function of molecular dimensions. For each of the j 

three cryptands, there is a minimum in the first-order rate con-I 
stant for dissociation, representing a maximum stability. 

Synthesis of Cryptate Complexes 

We began this feasibility project with cryptand [2.2.2] and the I 
monovalent Ag - 110m and divalent Sr-85 cations. These two metal 
ions have diameters of approximately 0.250 and 0.254 nm, respect-I 
ively (14). The internal diameter of [2.2.2] has been estimated' 
by CPK space-filling models to be 0.28 nm (1,15). Cryptate com
plexes form readily upon mixing a solution containing the tracer 
cation with a solution of cryptand. In order to insure complete 
complexation we used a molar ratio of ligand to ion of three. 
In the complexation reaction cryptand must compete with solvent 
molecules for the cations in solution. Thus solvents such as 
methanol with low dielectric constant and solvating power offer 
a preferrable reaction environment but we have achieved quantita-I 
tive yields in water. The main problem encountered in synthesis J' 

of cryptates has been the presence of other cations such as Na 
and ~ competing for the cryptand. Care is taken to minimize 
the concentration of competing cations of size-similar to the 
cation intended for complexation by using lithium salts for buf
fering solutions~ 

~~~~~~~~~2~.~2~.~2~J~~~·n~M~i~c~e~. In the first series of experi
was injected into the tail vein of restrained 

mice. Animals were sacrificed by decapitation 
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at 1, 2, 3, 15 and 60 minutes after injection. Selected tissues 
were dissected, weighed, counted and reported as percentages of 
injected dose (% ID) by comparison with a weighed standard of 
injectate. The resulting distribution data are shown in Figure 
3. The peak concentration in all of the tissues occurred at 1 to 
2 minutes after injection and correlated with blood flow expressed 
in terms of a percentage of cardiac output as measured by micro- : 
spheres (% CO). This latter reference data comes from measure- I 
ments in rats under halothane anesthesia (10) and should be viewed 
in light of all the precautions necessary in interpreting micro- I 
sphere measurements as percentages of cardiac output. Figure 4 : 
is a regression plot of the cardiac output data versus the maximum 
% ID/organ for seven tissues. The measurements for five organs I 
(muscle, gut, heart, spleen and brain) lie very closely to the I 
line of identity. The value for liver may be more accurate for I 
Ag+[2.2.2] but depressed in the microsphere measurements which 
used anesthetized animals and may involve shunting. The measure-: 
ment for the kidney was probably more accurate by microspheres, 
whereas, the cryptate measurement may have been low because tracer 
delivered to the kidney was lost to our measurement because of its 
rapid excretion. 

The data are also compared (Figure 3) with the 60 min distri+ 
bution of gallium citrate and the 24 hr distribution -of fibrino- I 
gen. These data are taken from the literature (16) and represent: 
plasma volume to a first approximation. The cryptate distribution 
showed no apparent corre.:ation with the protein distributions, as: 
would have been expected if the cryptate had dissociated instan-
taneously, with subsequent tagging of plasma proteins. , 

The blood clearance curve of Ag+L2.2.2] exhibited two phases' 
when plotted semilogarithmically (Figure Sa). The initial clear
ance (T~) of Ag+[2.2.2] was 45 sec. The dissociation reaction, 
Ag+[2.2.2] + Ag++[2.2.2],; is a first-order kinetic process with 

a rate constant of 2 .~ 10-3 sec-I, which is the stability constant 
for Ag+[2.2.2] in aqueous solution at 22°C (!]0. Our model as- : 
sumes that once a silver cryptate dissociates, the radioactive I 
silver ion does not return to a cryptand home, but rather is I 

bound to plasma proteins, which is a reasonable assumption. Using 
this model we were able to simulate the blood clearance kinetics 
measured in mice (Figure 5b), including the correct intercept. 
The Ag cryptate experiments have thus illustrated that the dis
tribution properties in mice peaked immediately after injection 
with % ID/organ values that were approximately equal to litera- : 
ture values for % CO to those organs. In addition, these studies· 
have shown that the activity in the brain was constant from 1-3 j 

minutes at 0.75% ID/g, consistent with rodent cerebral blood flow' 
(10). This implies that Ag+[2.2.2] crosses the blood brain bar- ; 
rier. Also, modeling of the blood clearance curve showed that i 
Ag+[2.2.2] disproportionated in plasma with a rate constant equal 
to that which would be expected from the kd for Ag+[2.2.2] in ' 
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water. There was no evidence for accelerated dissociation in the i 
;intravascular space. I 

I 

IResults with Sr++[2.2.2J in Mice. While the results with Ag cryp-i 
tate were encouraging, we sought further preliminary evidence of I 
:the potential value of labeled cryptates as blood-flow radiophar- ! 
maceuticals. There were several reasons for these studies: the I 
monovalent silver ion is very polarizable and thus may not be a 
'general model for monovalent cations (5,17). In contrast, diva
ilent cations form stronger inclusive cryptates than monovalent 
'cations of the same ionic radii. On the other hand, the added i 
charge of the divalent ion would require that the cryptand shield: 
Fore charge if it is to result in an equally lipophilic complex. I' 

The above considerations led us to initiate work with Sr-85 as a 
:tracer for cryptand [2.2.2J. Strontium-85 decays with emission oft 
~ 514 keV gamma, is commercially available and has a convenient I' 

. -5 -4 
,half-life (T~ = 65d). The literature value for kd , 0.75 x 10 I 
1 -1 + . 
'sec , is about 5-25 fold slower than the value for Ag (13). The! 
~onic radii of monovalent Ag and divalent Sr are equal to or I 

:slightly less than the internal diameter of the [2.2.2J cryptand. j 
: Mouse distribution experiments were performed with Sr++[2.2.2J 
~ollowing the protocol developed for Ag cryptate, except that. I 
measurements were done at only 1 and 15 minutes after injection. i 
;The results are shown. in Figure 6 as % ID in each organ and are 
graphed and keyed to allow direct comparison with the Ag+[2.2.2] 
data. The comparative data with SrC12 at 15 minutes are also 

'shown. Figure 7. summarizes the limited blood clearance data for 
:Sr++[2. 2. 2J and SrC12• 

Several additional conclusions can be made from these results 
The early data for both cryptate labels were similar for muscle, 
kidney, lung, spleen, and gut; whereas the accumulation of Sr++ 
[2.2.2J was 3-5 fold lower than Ag+[2.2.2J in the liver, heart, 
and brain. There were more differences between the results at 
i5 minutes since uuscle and kidney concentrations were similar 
for both labels, . but the strontium concentration was much lower 
:in the remainder of the organs. Although the number of measure
ment$ is limited, the slopes of the organ concentrations between 
1 and 15 minutes appear relatively constant for both radiophar
maceuticals and most of the organs studied. The amount in the 
kidneys for Sr and the gut for Ag appear different. 

i 
i 

The control experiments with SrC1
2 

showed a.distribution that; 

was qualitatively different from that of the cryptate. The dis- I 
tribution of SrC1

2 
at 15 minutes was more like the distribution 

bf gallium citrate at 60 minutes shown in Figure 3. These data 
,seem to indicate that the early SrC1 2 distribution patterns are 

probably indicative of a plasma space, and that the Sr cryptate is 
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not dissociating instantaneously after injection. If this were 
the case, the distributions of Sr cryptate and of ionic strontium 
would be similar at 15 minutes. 

When the organ distributions were plotted as the organ/blood 
'ratios (graphs not shown), the differences between Ag and Sr 
became more apparent. The measurements for Sr++[2.2.2] were much 
more const~nt with time than were the ratios for Ag+[2.2.2]. This 
'result is consistent with Sr++ forming a stronger complex than Ag~ 
so that the intact complex experiences rapid exchange between the : 
lorgan and vascular spaces. This property would be required for I 
an inert and freely diffusible tracer. The blood clearance curve· 
(Figure 7) also suggests that Sr++[2.2.2] is a more stable complex 
than its Ag counterpart. In the case of Sr, about 95% of the ! 
tracer cleared with a fast half-life, compared with about 85% for I 
Ag. When the blood clearance was simulated as illustrated in 

,Figure 5b, we esfimated a kd of about 3 x 10-4 sec-l for the Sr 

:label versus 2 x 10-3 sec-l for Ag. 
I 
,Summary and Conclusions 

:The mouse distribution experiments indicated a great deal of 
similarity between the Ag+ and the Sr++ cryptates, giving us 
confidence that tbe cryptand ligand was influencing, if not 
:completely dominating, the biodistribution of both radiopharma
ceuticals. There were, however, distinct differences between 
these labels that were consistent with our predictions that the 
Sr++ label would be more stable in vivo but also less lipophilic 
because of its increased charge. Blood clearance measurements 
showed less in vivo breakdown for Sr, with subsequent labeling of 
the plasma space. Accumulation of tracer Sr-85 in the skeleton 
was insufficient to account for this difference. While these 
would be advantages for the Sr label, the observation that Sr++ 
{2.2.2] was not detected in the brain, heart, and liver as much as f 

the cryptate labeled with monovalent Ag, emphasizes the problem 
:that a Sr++ cryptate is sufficiently less lipophilic so that its 
distribution is affected by the higher charge on the central ca
tion. These results support the potential of cryptands for making 
inert, freely diffusible complexes with generator-produced radio
nuclides. With the present data, we are unable to predict whether 
monovalent or divalent cations would be more advantageous labels. 
OtPer cryptands can be synthesized to give cavities with more 

. favorable. internal dimensions than those that are commercially 
: available (~). 

We envision several potential generator-produced radionuclide 
labels for cryptates (Table I). Fortunately, early evaluations . 
can be performed more conveniently with longer-lived tracers that 
are commercially available. The cryptate complexes are convenient
ly formed from the metal in deionized water and the cryptand 
dissolved in water or methanol. The complexes form instantly upon 
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mixing and are ready for use. This chemistry is potentially 
compatible with generators but will place some constraints on 
the ionic constituents of the eluting solvent. Continuous avail
ability of a short-lived but generator-based blood flow agent in 
the PET laboratory would be a welcome improvement over the current 
use of [O-15]-water as produced in batches with an accelerator. I 
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Table 1. GENERATOR RADIONUCLIDES FOR LABELING CRYPTATES 

Isotope Decay ProEerties Parent Other -
of Half- Positron Energies--MeV Parent Half- Ionic Radius Valence 

Interest Life % abund. Positron y % abund. Isotope Life Descendent(s) Charge A O",c States 

52~ 21.1m >50 2.63 1.43 (98) 52 8.3h 52M 5.6d 52C 2+ O.BOP +3 
25 26Fe 25 n- 24 r 0.93L 

(stable) 

68 
31Ga 68.1m 90 1. 90 1.08 (3) 

68 
32Ge 288 d 

68 
30Zn (stable) 3+ 0.62P +1 

82
Rb 75.2s 96 3.35 0.78 (14) 82 25 d 

82 1+- L48P 
37 38

Sr 36Kr (stable) 1.58L 

00 109m
A 39.8s none 

0.083 (3.6) 109Cd 453 109 1+ 1. 26P +2 47 g (IT) 48 d 47Ag (stable) 1.27L 

118Sb 3.5m <50 2. 70 1. 23 (2.5) ll~ 118 
52 e 6.0d Sn (stable) 51 50 

128c 3.8m 61 2.89 0.44 (26) 128
B 

128 1.69P 
55 s 56 a 2.4d 54Xe (stable) 1+ 1.84L 

134L 6.7m 62 2.67 0.61 (5) 134c 76 134 3+ 1.15P +2 57 a 58 e h 56Ba (stable) 

*p is ref (14), L is ref (18) 

.. 

c ....... <: .. 
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Figure 1. Three-dimensional structure of cryptand [2.2.2] 
complex with metal M+. The IUPAC name for this ligand is 
4,7;13,16,21,24-hexaoxa-l,10-diazabicyclo-[a.a.a] hexaxosane. 

Figure 2. The dissociation constants for c~yptates depend 
on the relative size of the metal ion and the cavity in the. 
cryptand. 

Figure 3. Tissue distribution of Ag+[2.2.2] in various 
tissues of mice. Comparison data is given for percentage 
of cardiac output going to each tissue and for the distri
bution of two common protein markers. 

Figure 4. The percentage of Ag+[2.2.2] in several organs 
shortly after injection correlates well with the percentage 
of cardiac output. The line of identity is included for 
reference. 

Figure Sa. The blood clearance of Ag+[2.2.2] was biphasic, 
suggestive of decomposition of the cryptate in vivo. 

Figure Sb. The clearance curve can be simulated using a 
model ,of Ag+[2.2.2] ~ Ag++ [2.2.2J, and thus [Ag+] = 
kd [Ag(2.2.2)]. A critical test of this model is how accur
ately it predicts the inflection point in the clearance 

-3 -1 curve. The best fit occurred for a kd of 2 x 10 sec ,in 
agreement with the literature value for kd (cf Figure 2). 

Figure 6. Tissue distribution of Sr++[2.2.2] in various 
tissues of mice. Comparison data is given for Sr++ as the 
chloride at 15 minutes. 

Figure 7. The blood clearance of Sr++[2.2.2] was also bi
phasic but clearly exhibited a lower intercept for the slow
clearing component. 
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Figure Sa. 

Figure Sb. 
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