


taken for conjugation and the dilutions involved at different
stages. The number of EDTA, DTPA, and TTHA groups per
HSA molecule were found to be 8.5, 7.8, and 3.9, respectively.
For a preformed TTHA-In conjugation with HSA, the number
of groups was 1.5.

Equilibrium Study and Analysis

Indium Chelates: To the desired ''*"In-labeled In-Che so-
lution of known amount, prepared as described above, an
equimolar quantity of FeCl; was added. The solutions were
mixed well for 2 min and were allowed to reach equilibrium
at the desired temperature, 20 + 1°C. Samples of this equilib-
rium mixture were analyzed at various intervals, as described
below, using paper chromatography.

Paper Chromatography. The equilibrium mixtures of free
chelates were analyzed by paper chromatography using What-
man 31ET paper and 0.1 M ammonium acetate (Fisher
Scientific Co., Los Angeles, CA) solution (pH 7.4) as the
solvent. Paper strips spotted with the equilibrium mixtures
were air dried, developed individually in the solvent, and dried
well. The dry paper strips were cut into 1-cm pieces and
counted in a 2-in. Nal (T1) well-counter. The displaced In*?
ion stays at the origin as indium hydroxide, while the In-Che
migrates to the solvent front. Suitable standards of InCl;, In-
DTPA, etc. were analyzed for comparison.

The equilibrium concentrations of In*3, In-Che, Fe*?, and
Fe-Che were calculated using the analytical data of indium
ion or In-Che and initial concentration of indium and iron.

HSA-Chelate-In. Pure, conjugated and indium-labeled pro-
tein chelate (HSA-DTPA-In, HSA-TTHA-In, and HSA-
EDTA-In) in 0.1 M hepes buffer and pH 7.4 were prepared
and their indium content determined as described above. To
a known amount of protein-coupled In-Che solution in 0.10
M NaCl, Fe-NTA (1:1 complex) pH 7.0, was added in slight
excess (In and Fe in ratio of 1:2), mixed well by vortexing for
1-2 min and kept for equilibration at 20 + 1°C. The pH of
this mixture was measured at the end of the experiment (pH
meter, Beckman Phaser 1, Microelectrode). All the equilib-
rium studies were carried out at pH 7.4.

Instant Thin Layer Chromatography (ITLC). HSA-chelate
equilibration mixtures were sampled at various times and
analyzed by an ITLC method. ITLC-SG (Gelman Sciences
Inc., Ann Arbor, MI) and (l:1, V/V) methanol and 10%
ammonium acetate solvent system was employed. The dried
ITLC strips were cut into 1-cm pieces and counted in a 2-in.
Nal (T1) well-counter. HSA-Che-In stays at the origin while
displaced indium, in the form of In-NTA, moves towards the
solvent front away from the origin.

In order to quantitate the HSA-Che-In staying at the origin
in the RA profile of equilibrium sample analysis, an ITLC
control was run using HSA-Che-In without any Fe-NTA
added to it. These two RA distribution profiles of ITLC (Figs.
6 and 7) were compared to identify the exact location where
the HSA-Che-In peak ends (near the origin) and the other
one, In-NTA, starts. Appropriate precautions were taken to
adjust for overlapping of peaks.

The kinetics of equilibrium reactions for both free chelates
and protein chelates were followed and the corresponding log
B values were determined.
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RESULTS

Stability Constant Determination of Free Chelates of
Indium

The radioactivity profiles of In** ion (as indium
hydroxide) and indium chelates by paper chromato-
graphic analysis of the control and equilibrium samples
of 1:1 mixtures of In-Che and ferric ion (chloride) are
shown in Figures 2 and 3, respectively. From the distri-
bution of the radioactivity between the origin (displaced
indium) and solvent front (metal chelate) and the
known concentrations of indium and iron in the origi-
nal mixture, and using the law of mass balance principle
in Equation 1, the equilibrium concentrations of all
species were determined and, hence, the displacement
constant ‘K’ in Equation 2 were calculated. Knowing
the ‘K’ values and the logarithmic stability constants
(log B) of ferric chelates (Fe-NTA: 16.3, Fe-EDTA: 25.0,
Fe-DTPA: 28.7 and Fe-TTHA: 26.8) (15), the 8 values
for In-Che were calculated as described above. The log
B values for indium chelates of NTA, EDTA, DTPA
and TTHA are given in Table 1. When known, the
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FIGURE 2

The radioactivity profiles of ''*"in-chloride and (1:1) stoichio-
metric indium chelates. Paper chromatographic analysis was
carried out using Whatman 31 ET paper and 0.1 M ammonium
acetate, pH 7.4, as solvent.
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Radioactivity profiles of equilibrium samples of indium chelates
containing ferric ions as displacing agent in 1:1 ratio in paper
chromatography. Chromatographic conditions were same as
that described for standards (see Fig. 2.) The equilibration
time before analysis for NTA and EDTA was 72 hr and 24 hr
for DTPA and TTHA (room temperature 22° C).

literature values are also included (15, 19). The maxi-
mum metal-to-ligand ratio which can be attained in In-
TTHA complex is shown in Figure 4.

Preparation of HSA-Coupled, Indium-Complexed Bi-
functional Chelates

Combined radioactivity (RA) and ultraviolet (UV)
profiles of HSA-coupled bifunctional chelates of indium
before and after purification were obtained from P6DG
gel chromatography.

Combined UV and RA chromatograms of the con-
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TABLE 1
Stability Constants of Indium Chelates*
Log 8

Chelates (n) Log B (literature value)
In-NTA (9) 15.9 + 0.19 at 22°C 16.9, 15.9
In-EDTA(8) 25.8 + 0.21 at 20°C 25.3,25.3
In-DTPA (6) 28.5 + 0.08 at 20°C 29.0,28.4
In-TTHA(9) 27.9 +0.18 at 20°C not available

n = number of separate experiments.
* Equilibration time: 96 hr.

jugation mixture of HSA and TTHA at different levels
of purification are shown in Figure 5A-D.

Stability Constants Determination of Protein-Cou-
pled, Indium-Complexed Bifunctional Chelates

The radioactivity profiles of ''*™In with carrier in-
dium in the control samples and equilibrium samples
(1:2 mixture of HSA-coupled indium-complexed bi-
functional chelate and Fe-NTA) on ITLC analysis are
shown in Figures 6 and 7, respectively. Control sample
analyses (Fig. 6) were used to determine the cutoff point
which identifies the extension of protein peak in the
ITLC profile (Fig. 7) of equilibrium sample. In each
strip of ITLC analysis, the radioactivity not associated
with the HSA-Che-In peak is assumed to be that of In-
NTA. Trailing of In-NTA was observed in all equilib-
rium sample analyses. Appropriate precautions were
taken to account for the peaks overlap. From the dis-
tribution of ''“™In activity between the origin (the un-
displaced indium in protein complex) and the solvent
front (displaced indium from the protein complex by
Fe-NTA as In-NTA) on ITLC analysis and knowing
the initial concentrations of indium and Fe-NTA in the
original mixture, and using law of mass balance prin-
ciple in Equation 3, the equilibrium concentrations of
all the species were determined. From these values the
position equilibrium constant ‘K’ in Equation 4 was
calculated as described above. Knowing the ‘K’ values
and B values for the protein-coupled Fe-Che, the log 8
value for Fe-Che used in this calculation are as follows:
NTA: 16.3; EDTA: 25.0, DTPA: 28.7, TTHA: 26.8
(15). B values for HSA-Che-Fe are assumed to be the
same as those of simple ferric chelates), 8 values for
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FIGURE 4

The effect of indium concentration on metal to ligand ratio in
In-TTHA complex.
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(A) Combined U.V. and R.A. elution profiles of conjugated, undialysed (to remove unbound TTHA) and labeled mixture of HSA-
TTHA and '"*"In-In-citrate. Total activity is seen as associated complex (protein conjugated and nonconjugated associated
with indium and indium chelates). (B) Combined U.V. and R.A. elution profile of HSA-TTHA dialyzed to remove unbound TTHA
and then labeled with ''*"In-in-citrate. Sample was not purified after labeling. The first peak corresponds to conjugated protein.
The second peak shows the presence of In-TTHA and indium citrate as impurities. (C) Combined U.V. and R.A. elution profile
of double dialyzed (before and after labeling) HSA-TTHA-In ('**™In) sample. The second radioactivity peak shows the presence
of indium, which was confirmed by microcentrifugation of the sample followed by the ITLC analysis of the filtrate. (D) Combined
U.V. and R.A. elution profile of HSA-TTHA-In after purification. This sample was obtained by microcentrifugating (Centricon

30) the double dialyzed sample. This was used in stability constant determination.

protein-coupled indium-complexed bifunctional che-
lates were calculated. A minimum of three ITLC anal-
yses were carried out for each sample at each interval
and log 8 value was calculated in each case and an
average of these values was taken. The log 8 values for
the protein complexes are given in Table 2.

The kinetics of the various equilibrium reactions
of the protein-coupled indium-complexed bifunc-
tional chelates and of the free chelates are compared in
Figure 8.

DISCUSSION

Very little work had been reported on equilibrium
studies of In-Che of polyaminopolycarboxylic acids
such as EDTA, DTPA, and TTHA. One recent paper
had investigated the chelates of aluminum, gallium,
and indium (20). Such equilibrium studies, and, hence,
the determination of the formation constant of In-Che
(and of other metals in the same group) had been
hindered by the fact that they form very stable, inert
complexes which do not attain an equilibrium, but
where the reaction goes to completion, even at a very
low pH. In addition, indium forms hydroxides also at
low pH (8, 9). While some data is available for indium
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complexes of NTA, EDTA and DTPA (15), nothing is
available for TTHA. Khan et al. (20), in their recent
work, reported that they were unable to determine the
stability constant of 1:1 complexes of In-TTHA by
potentiometric titration, because of the rapid comple-
tion of the formation reaction. In addition, methods
like redox potential and polarography (10), which are
the “standard” methods for determining stability con-
stants of indium chelates, cannot be used for chelates
conjugated to proteins in as much as they require pH
conditions that are incompatible with the conforma-
tional integrity of proteins. Hence, a simple procedure
using mild conditions needs to be developed to carry
out such measurements with indium chelates conju-
gated to proteins used as radiopharmaceuticals. The
method presented here is simple and less time-consum-
ing for determining the stability constants of In-NTA,
In-EDTA, In-DTPA, and In-TTHA as free chelates and
also as protein-coupled chelates.

In the development of this radiochemical method, a
simple displacement principle was employed as shown
in Equation 1. Astakhov et al. (27) used this principle
and radiochemical analysis in the determination of the
stability constant of Ca-EDTA, Sr-EDTA, Ba-EDTA,
etc., using “*Ca. But their reported values and those of
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FIGURE 6

Radioactivity profiles of HSA-coupled indium chelates as seen
in ITLC analysis. ITLC-SG support and 10% ammonium ace-
tate and methanol (1:1 V/V) as solvent were used. The undis-
placed indium in the protein complex stays at the origin.

others do not agree well. Betts et al. (22) used a similar
technique in the study of the kinetics and thermody-
namic properties of complex ions of the rare earths.
They report that the stability constants of such EDTA
complexes are in close agreement with the literature
values. Unfortunately, their procedure and their calcu-
lations are lengthy and tedious.

In the present work we attempted to make the pro-
cedures and the calculations as simple as possible with-
out sacrificing the accuracy of the data. Since the reac-
tion that is to be measured is between the In-Che and
the ferric ions (complexed to a weaker chelating agent),
and it does not involve H* ions, it was possible to avoid
the addition of buffer solution. Hence, and under the
conditions used in this work, the need for additional
inert salts also does not exist. Therefore, in the equilib-
rium analysis of free chelates, no buffers or inert salts
had to be added to keep either the pH or the ionic
strength constant.

The stability constants of the In-EDTA chelate and
its analogs can be determined in a very short time,
between 2 to 4 hr. The stability constants of the protein-
conjugated indium-labeled chelates can be determined
(see Fig. 8) in a similar manner. Calculations have been
simplified significantly, especially when compared to
the procedures previously available (14, 22). From the
results obtained (Table 1), it can be seen that the log 8
values 25.8, 28.5 for In-EDTA and In-DTPA, respec-
tively, in this method agree well with those values 25.3
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Radioactivity profiles of indium in equilibrium samples of HSA-
coupled indium chelates containing Fe-NTA in ITLC analysis.
The conditions are same as that described in Figure 6. Two
separate peaks correspond to the undisplaced indium in HSA-
chelate-In at origin and displaced In as In-NTA moving towards
the solvent front.

for In-EDTA and 29.0, 28.4 for In-DTPA reported in
the literature (15, 19). Because of this agreement be-
tween both values, this present method was employed
to determine the stability constants of In-TTHA and
protein-coupled indium chelates.

The conjugation of TTHA to HSA was carried out
using WR, a good peptide bond-forming reagent under
a wide range of pH and temperatures. WR forms an
ester with the carboxylic group of the acid and, hence,

TABLE 2
The Formation Constant of Protein-Coupled Indium-
Chelated Bifunctional Complexes

Temperature: 20 + 1°C
Equilibration time: 96 hr
lonic strength: 0.1 M NaCl

n Complex Log B
8 HSA-In-DTPA* 293 +0.11
9 HSA-In-DTPA?! 28.3 £ 0.03
14 HSA-In-TTHA 26.0 £ 0.08
10 HSA-In-EDTA 259 +0.13

* Refers to the number of DTPA groups, 7.8 and 16.6, re-
spectively.
n is the number of separate experiments.

The Joumnal of Nuclear Medicine ¢ Vol. 31 * No. 4 * April 1990



¢

— e DTPA
o TTHA
a4 EDTA
a NTA

NN
o w
p
3

o 10

20 30 40 S 60 70 80

@

Log p Values

N O N
O N® O
-

e DTPA
o TTHA

— 4 EDTA

pre—

N
G

O 10 20 30 40 %0 60 70 80 90 KO
Time in Hours

FIGURE 8

(Top) Kinetics of attaining equilibrium in free indium chelate
after mixing with equimolar amount of ferric chloride solution.
Corresponding log 8 values were determined. Equilibrium was
reached in <30 min in all cases. (Bottom) Kinetics of the
equilibrium reaction of HSA coupled to indium chelates. The
kinetics of attaining equilibrium in HSA coupled indium che-
lates after mixing with Fe-NTA. While HSA-DTPA-In reaches
equilibrium in 2 hr, EDTA and TTHA complexes required ~3
days and 4 days, respectively. The corresponding log 8 values
were calculated.

mabkes it an activated compound. So the activation time
becomes an important factor during conjugation. After
the addition of the activated acid to the protein, it is
essential to maintain the pH slightly alkaline in order
to avoid the interference from WR byproduct generated
during conjugation.

Conjugation of TTHA to protein by WR method
eliminates the use of large quantities of the protein, the
TTHA or the WR. HSA, TTHA, and WR reacted in
the molar ratio of 1:10:30, results in approximately four
groups of TTHA per HSA molecule. Due to the very
high reactivity of this multidentate ligand, it seems the
chelon forms some weak bondings (nonspecific) with
protein molecules in addition to conjugation, which
hinders the metal chelation of the coupled chelon. The
conjugated TTHA is unable to chelate readily with
metal ions (Fig. SA.) Because of this, the conjugation
mixture must be purified before chelation with metal
ions. The gel chromatography profiles of conjugated,
dialyzed and chelated mixture, Figure 5B, shows the
presence of conjugated protein as a separate peak and
In-TTHA and indium citrate as another peak. While
dialysis can be used to purify the HSA-TTHA conjugate
mixture, it was found that dialysis alone was not enough
to purify the chelated sample. In this case, dialysis is
unable to remove all the metal ions that have been
bound weakly to multidentate chelons which comes off
during P6DG gel chromatography (Fig. 5C.). Microcen-
trifuging the sample shown in Figure SC offers the pure
sample (Figure 5D), which elutes at the same time
interval as that of HSA-EDTA-In and HSA-DTPA-In
showing the sample is mononuclear.

In the ITLC, analyses of the equilibrium solution of
protein conjugated and labeled indium complexed sam-
ple and Fe-NTA at various times after mixing, it was
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noticed that there was a steady increase of In-NTA
formation (expected from the reaction principle and
the mechanism of reaction) until the equilibrium was
attained and thereafter the concentration of In-NTA
remained constant. But there was no increase in indium
concentration at the origin in the ITLC analyses ob-
served at any time. These results show that indium is
present in the equilibrium solution either as indium-
chelated protein complex or as In-NTA. Therefore, the
chances for the existence of free indium ion in equilib-
rium solution under the experimental conditions is nil
or minimal. It follows that the indium hydroxide for-
mation at the origin in ITLC analyses is also nil or
minimal. After equilibrium, the concentration of In-
NTA remained steady over a long period of time (After
18 days, HSA-TTHA-In equilibrium sample on analysis
showed the same amount of In-NTA as that found after
the sample attained equilibrium in 4 days.) This shows
that In-NTA formed does not undergo hydrolysis under
the experimental conditions employed in this method.
From Tables 1 and 2, it can be seen that the protein-
bound indium-labeled bifunctional chelate is more sta-
ble than the free chelates in the case of DTPA and
EDTA. But, in the case of TTHA, the stability constant
of HSA-TTHA-In is lower than that of the free chelate.
Also from the data, it can be inferred that the indium
ion in the complex with high stability constant is re-
placeable by metallic cations, such as ferric ion, in both
acidic and neutral conditions. These results suggest that
it may be possible that indium complexes of immuno-
globulins and monoclonal antibodies (labeled with '''In
through bifunctional chelating agents) could be suscep-
tible to displacement by ferric ions in vivo. Since ferric
ions are available for binding to transferrin, under
biologic conditions, they may also be available to inter-
act with protein-coupled chelates, even when labeled
with indium. This metal transchelation will not, how-
ever, occur with ferric ions already bound to transferrin,
because of the higher stability constant of the iron
binding to that protein. This has been observed under
in-vitro conditions (23, 24). Based on the results of this
investigation, it can be postulated that high concentra-
tions of indium found in the liver after injection of
indium-labeled monoclonal antibodies may be due to
the localization of indium displaced by ferric ions in
addition to the natural localization of labeled mono-
clonal antibodies. When ferric ion displaces indium
from its chelate, the released indium may form colloids
(indium hydroxide) at physiologic pH and localize in
the reticuloendothelial system. However further exper-
imental studies are necessary to prove this contention.
In the present study, HSA was used as a model
protein for conjugation with bifunctional chelating
agents EDTA, DTPA, and TTHA in order to determine
the overall stability constants of indium chelates when
the chelate is attached to the protein through an amide
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bond. Although the principle involved in determining
the stability constants in this method may be equally
applicable to other proteins, such as immunoglobulins
and monoclonal antibodies, or different metal ions of
compatible nature, the analytical procedures to be used
may have to be modified, depending upon the protein,
metal ion, and chelating molecules involved.
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