
Abstract. Background: The alpha-emitting nuclide 211At is
of great interest for radionuclide therapy when coupled to a
tumor-targeting biomolecule, e.g. epidermal growth factor
(EGF) the receptors of which are overexpressed in many
malignancies. However, almost no information concerning the
cellular processing of astatinated targeting agents is available.
Materials and Methods: We indirectly astatinated EGF
([211At]-benzoate-EGF) and studied its cellular processing in
A-431 carcinoma cells in comparison with data concerning
[125I]-benzoate-EGF. Results: The biological half-life of
astatine (3.5 h) was longer than the half-life of the iodine label
(1.5 h). The increase of the half-life was due to longer retention
of the internalised astatine radioactivity. The maximum
accumulation for the astatine label occurred later (4-6h) than
that for the iodine label (2-4h), indicating a slower excretion
of astatine that was confirmed in experiment with 211At/125I-
benzoate-EGF. Conclusion: The long retention of astatine
might be advantageous for radionuclide therapy.

Some types of malignant tumors such as gliomas,

melanomas and disseminated adenocarcinomas are not

curable and the most recent and advanced treatment

protocols can only prolong the survival time of the patients.

This fact is attributed to regional and distal metastases

produced by single disseminated cells distributed outside

the main tumor mass. One possible strategy to kill

disseminated cells is the use of targeting conjugates, which

deliver cytotoxic agents selectively into tumor cells, while

not severely damaging surrounding healthy tissues. Tumor-

specific antigens or overexpression of membrane proteins

can be used for such targeting and one possible target might

be the epidermal growth factor receptors (EGFR). EGFR

are overexpressed in some primary tumors and have a

tendency to be overexpressed in corresponding metastasis

(1). For this reason, EGFR may be an attractive target for

the therapy of malignant tumors using radioactive nuclides. 

The natural ligand to EGFR is the epidermal growth

factor (EGF), a small 53-amino-acid protein with a

molecular weight of about 6 kDa. The use of EGF as

targeting molecule has been considered in our laboratories

(2), and a number of radioiodinated anti-tumor

radiopharmaceuticals based on EGF have been prepared

and characterized (2-4). 

Radionuclides that decay by emitting alpha particles are

more efficient than beta-emitters in inactivating single

disseminated cancer cells (5). One such nuclide is astatine-

211 (half-life 7.2 h), which yields one alpha particle per

decay. In the decay, X-rays with energies of 77 and 92 keV

are emitted, and these can be used to estimate in vivo
accumulation using a gamma camera.

Chemically, astatine resembles iodine though it has a

somewhat more metallic character. However, direct

electrophilic astatination of targeting proteins is not

applicable since it provides a very weak astatine-protein

bond (6), but the use of N-succinimidyl-astatobenzoate

enables astatination of targeting proteins with a sufficiently

strong astatine-protein bond (7,8). The reaction sequence

for such indirect halogen labelling using the para-form is

shown in Figure 1.

We have previously reported the cellular processing of

EGF, labelled using [125I]-iodobenzoate (9). The cellular

processing of astatinated peptides has, to our knowledge,

not yet been studied in detail. However, the differences in

chemistry of astatine and iodine do not allow the

application of knowledge concerning iodinated peptide to

its astatinated counterpart. Therefore, EGF labelled with
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[211At]-N-succinimidyl-astatobenzoate and labelled with

iodine in a similar way was included in the present study.

We compared the binding pattern and the intracellular

retention of astatinated and iodinated EGF-based

conjugates in A-431 cells. 

Materials and Methods

Materials. [125I]Sodium iodide was purchased from Amersham

Pharmacia Biotech UK (Little Chalfont, UK). Disposable NAP-5

size exclusion columns were from Amersham-Biotech (Uppsala,

Sweden). Mouse epidermal growth factor, EGF, tissue-culture

grade of murine origin (Labora Chemicon, Sollentuna, Sweden)

was used in all experiments. Acetic acid, methanol, hexane and

ethyl acetate (Merck, Darmstadt, Germany) were all of analytical

grade or better. Cloramine-T (CAT) and sodium metabisulfite

were from Sigma (St. Louis, MO, USA). High quality (resistance

18 MOhm/cm3) Elga© water was used to prepare all solutions.

Preparation of N-succinimidyl-(para-trimethylstannyl)benzoate and

labelling of EGF using [125I]N-succinimidyl para-iodobenzoate was

performed as described earlier (9). The specific radioactivity for

[125I]-benzoate-EGF was 1.5-2.0 MBq/Ìg in the binding

experiments.

Radioactivity measurements. The radioactivity was measured using

an ultra-pure germanium detector (ORTEC) with multichannel

analyser (The Nucleus, Inc., Oak Ridge, TN, USA) working on-

line with the PC. The detector was calibrated for energy and

efficiency with a 152Eu standard source. Gamma-ray energies and

abundance were taken from (10). During the development of

labelling procedures, off-line measurements of radio-

chromatograms, and in cell studies, an automated gamma-counter

with a 3-inch NaI(Tl) detector (1480 WIZARD Oy, Wallac,

Turku, Finland) was used. The use of such equipment enabled the

resolution of gamma-peaks of iodine-125 and astatine-211 during

simultaneous experiments (11). The whole spectra of samples were

recorded. Correction for background and spill-over were

performed for all measurements.

Production of astatine. Astatine was produced at the U-120M

Cyclotron (Nuclear Physics Institute, Rez, Czech Republic) using

the nuclear reaction 209Bi(·, 2n)211At. A thin bismuth layer, 5

mg/cm2, was evaporated onto an aluminium target holder (a few

cm2 surface) by vacuum deposition method. The target was loaded

into the cyclotron chamber and irradiated with a helium ion beam

ranging in energy from 25.7 to 28.6 MeV. Since the ion beam hit

the bismuth layer at a small angle, the effective target thickness was

several times larger than the physical thickness. Targets were

typically irradiated for 5 h with a beam current of 16 ÌA.

Astatine was separated from the irradiated target using a dry

distillation method with cryogenic trapping of the product. All

separations were performed in a fume hood equipped with an

exhaust charcoal filter. Prior to separation of 211At, the bismuth

layer was scraped from the target. The scraped powder was put in

a quartz ship and placed on a tantalum spoon that was then moved

to the middle of the distillation oven. Argon was passed through

the system for 10 min to remove oxygen. The argon flow was then

ANTICANCER RESEARCH 24: 4035-4042 (2004)

4036

Figure 1. Reaction sequence for labelling of EGF using N-succinimidyl-para-halobenzoyl.



adjusted to 60 ml/min and the heating was started. The

radioactivity was caught in a cryogenic trap. After the cryogenic

trap, the carrier-gas passed through an additional trap consisting

of sodium metabisulphite/sodium hydroxide solution to prevent any

breakthrough of volatile astatine species. The oven was heated to

665ÆC and kept at that temperature for 10 min before the heating

was switched off. The Teflon tube was then removed from the

Swagelokì connector (Svafab, Sweden) and the astatine was

washed out from the tubing by 100-140 Ìl of 5% acetic acid in

methanol.

Labelling of EGF using [211At]-N-succinimidyl-para-astatobenzoate.
To 5 Ìl of N-succinimidyl-trimethylstannyl-benzoate solution (1

mg/ml in 5% acetic acid in MeOH) was added 50 Ìl of 5% acetic

acid in MeOH containing about 200 MBq of 211At. The labelling

reaction was started by adding 20 Ìl of CAT solution (4 mg/ml in

5% acetic acid in MeOH). The reaction mixture was gently stirred

at room temperature for 5 min, quenched with 60 Ìl of sodium

metabisulfite solution (2 mg/ml in methanol) and the solvent was

then evaporated to dryness under a stream of argon gas. An EGF

solution in a 0.1 M borate buffer, pH 9.1, (40 Ìg in 40 Ìl) was

added. After vortexing, the mixture was incubated for 10 min at

room temperature, and astatinated EGF was separated from low-

molecular-weight compounds by size exclusion chromatography on

an NAP-5 column. The labelling yield under these conditions was

26%. The specific radioactivity for [211At]-benzoate-EGF was 0.5

to 0.7 MBq/mg in the binding experiments.

Cell culture. The human epithelioid carcinoma cell line A-431 was

obtained from the ATCC, (CRL 1555), Rockville, MD, USA. The

cells were cultured in Ham’s F10-medium supplemented with

10% FCS, L-glutamine (2 mM) and PEST (penicillin 20 IU/ml

and streptomycin 20 Ìg/ml), all from Kebo (Stockholm, Sweden).

In some experiments, high concentrations of non-radioactive

EGF, 5 Ìg/ml, were added to the medium to block the EGFR.

The cells were grown at 37ÆC in humidified incubators

equilibrated with 5% CO2 during all experiments.

The number of cells in each culture dish (diameter 35 mm) used

for the experiments varied in the range of (1–7)x105 cells. This

corresponds to cell densities in the range of (1-7)x104 cells/cm2.

Binding of EGF is not significantly cell-density-dependent in this

range. In all experiments, the ratio between EGFR (2x106

receptors per cell) and labelled EGF was 1 to 1.

Specifically and unspecifically cell-associated radioactivity as a
function of the incubation time. Cell cultures were incubated for

different periods of time with radiolabelled EGF in culture

medium. The cells were then washed six times in serum-free

medium, trypsinized for 10 min at 37ÆC with 0.5 ml trypsin-

EDTA solution (0.05% trypsin, 0.02% EDTA in buffer, Flow

Irvine, UK) and 1 ml standard medium was added. Of the cell

suspension, 0.5 ml was used to count the number of cells in an

electronic cell counter (Coulter ZM, Coulter Electronics Ltd,

UK). The cell-associated radioactivity in the remaining cell

suspension (1 ml) was measured by an automated gamma-

counter. To determine the amount of non-specific binding of

labelled EGF, non-radioactive EGF (5 Ìg/ml) was added to the

cell dishes 5 min before labelled EGF. The cell-associated

radioactivity was measured and the number of cells in each dish

was counted (as described above).

Cell-associated radioactivity after interrupted incubation. Cell cultures

were incubated for 4 h with culture medium containing labelled

EGF. The dishes were then washed 6 times with cold serum-free

culture medium and cultured for different periods of time (0-24 h
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Figure 2. Specific binding of [125I]para-iodo-benzoyl-EGF (filled squares)
and [211At]-para-astato-benzoyl-EGF (open squares): total cell-associated
radioactivity during continuous incubation with A-431 cells (a),
discriminated membrane-bound (b) and internalized (c) radioactivity.



for iodine and 0-10 h for astatine) at 37ÆC with standard culture

medium. The cell-associated radioactivity was measured and the

number of cells in each dish was counted after the incubation. 

Discrimination of internalised and membrane-bound radioactivity.
The amount of internalised and membrane-bound radioactivity

was determined using a method similar to that used earlier (9).

Cells, after incubation, were washed six times with media and

treated in 0.5 ml of glycine/HCl buffer, pH 2.5 for 6 min at 4ÆC.

The buffer was collected and the cells were further washed with

the same amount of buffer. The unreleased radioactivity was

considered as internalised and was removed by treating the cells

with 0.5 ml of 1M NaOH for 80 min at 37ÆC and washing with the

same amount of base. The total amount of acid buffer and alkaline

solution, 1 ml per sample, was collected and measured in an

automatic gamma counter.

Results 

Production and separation of 211At. The irradiation of

internal targets at the U-120M cyclotron in Rez, Czech

Republic, resulted in a yield of approximately 20 MBq/ÌAh.

The irradiated targets were transported by airfreight and

arrived in Uppsala, Sweden, 9 to 10 h after the end of

bombardment. On arrival, the total target radioactivity

varied from 300 to 600 MBq. No 210At impurity was found

in the product. 

After optimization of temperature, heating time and

carrier gas velocity, the average separation yield was

61.3±6.5%. This is comparable with data published by

Zalutsky et al. (8) (63±7%), Larsen et al. (12) (47±15%)

and Schwarz et al. (13) (average 68% within a range 46.9-

94.7), but somewhat lower than the data reported by Wilbur

et al. (14) (range 74-82%) or Lindegren et al. (15) (79±3%).

Usually, more than 90% of the astatine radioactivity was

removed from the Teflon tube with 100-140 Ìl methanol.

This allowed labelling procedures to be performed in small

solvent volumes.

Pattern of binding of radioactive conjugates during continuous
incubation with cells. Both conjugates bound specifically to

EGFR on A-431 cells since this binding could be prevented

by pre-saturation with unlabelled EGF. The unspecific

binding level was low, 0.5- 1% of specifically-bound

radioactivity. The binding patterns for [211At] - and [125I] -

benzoate-EGF are shown in Figure 2a. The uptake of [125I]

-benzoate-EGF rapidly reached a maximum during 2-4 h

and then decreased. The astatine activity reached a maximal

uptake later than the iodine label (4-6 h). The descending

part of the binding curve was also less steep for 211At. 

Internalized and membrane-bound radioactivity during
continuous incubation with [211At]– and [125I]-benzoate-EGF.

The time patterns for membrane-bound and internalised

radioactivity during continuous incubation with labelled

EGF are shown in Figure 2b and c. Membrane-bound

radioactivity was higher than internalised radioactivity during

the first hours of incubation. After membrane-bound
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Figure 3. Cellular retention of radioactivity after interrupted incubation
of A-431 cells with [125I]para-iodo-benzoyl-EGF (filled squares) and
[211At]-para-astato-benzoyl-EGF (open squares): total cell-associated
radioactivity (a), membrane-bound (b) and internalized (c) radioactivity.



radioactivity reached its maximum levels, it slowly decreased

in a similar manner for both conjugates. After 24 h, the

amount of membrane-bound iodine radioactivity was

negligible. The maximum levels of internalised radioactivity

occurred after 5-6 h for [211At]-benzoate-EGF and after 2-3

h for [125I]-benzoate-EGF, which is in agreement with total

bound radioactivity (Figure 2a).

Cellular retention of the radioactivity after interrupted
incubation. Cellular retention after interrupted incubation

is shown in Figure 3a. The cell-associated 125I activity

decreased fast. The biological half-life of the 125I in the cell-

associated state was in the range of 1.5-2 h. After 4-5 h, cell-

associated radioactivity was only 15% of its starting level

after which it decreased slowly. The excretion was slower

after incubation with [211At]-benzoate-EGF radioactivity

and the biological half-life was approximately 3.5-4 h. The

excretion pattern had two different features: the first part

(0-1 h) of quick excretion, which was similar to the iodine

pattern, and the second of slower excretion.

Internalized and membrane-bound radioactivity after
interrupted incubation with [211At]– and [125I]-benzoate-
EGF. Figure 3b and c shows membrane-bound and

internalised radioactivity as a function of time. The

membrane-bound and internalised 125I radioactivity were

equal at all time points. For 211At, the internalized

radioactivity was higher than the membrane-bound

radioactivity at all time points. Thus, at 6 h of incubation in

complete medium, 75% of the cell-associated radioactivity

was still internalised. 

Uptake and retention of paired-labelled EGF. Experiments

were performed with the aim of determining whether the

alpha-radiation from astatine can influence the cellular

processing of the internalised label. Astatinated and

iodinated EGF were mixed together, and the volume of

solution added to cells was adjusted in order to reach a

ligand-to-receptor ratio of about 1:1. As a control, EGF

bearing only the iodine label was added to another group of

dishes with A-431 cells. After 4-h incubation, the uptake of

radioactivity in the cells was measured. Radioiodine uptake

was equal both in the presence and absence of astatine,

20.15±3.27 and 21.9±1.8% of added radioactivity. The

uptake of the astatine label was much higher, 72.1±8.2% of

added radioactivity. Retention of cell-associated iodine

radioactivity was nearly equal in both cases as well, with the

difference mainly within error of measurement (Figure 4).

The behavior of astatinated EGF was different; the fraction

of cell-associated radioactivity was 1.6-1.7 times higher than

for the radioiodinated counterpart in all measurements. 

Discussion

In designing a conjugate for targeted radionuclide therapy, the

cellular processing of the conjugate and the radioactive label

is important for the therapeutic outcome. Cellular retention

of radioactivity is especially important, because it determines

the doses delivered to the targeted malignant cells. Problems

regarding cellular retention of radioactivity are especially

critical for rapidly degradable short peptides like EGF. After

binding to the EGFR, EGF is internalised and rapidly

degraded in lysosomes (16), leading to an unwanted short

intracellular retention of radioiodine for directly iodinated

EGF. For this reason, studies of cellular processing are a

necessary step in designing targeting radiopharmaceuticals.

However, the results of such studies are not conclusive. For

example, iodine labelling of anti-HER-2/neu Mabs using N-

succinimidyl-5-iodo-3-pyridinecarboxilate and tyramine-

cellobiose improved the cellular retention in vitro in

comparison with Iodogen labelling, but did not demonstrate

any advantages in an animal study (17). On the other hand,

bad retention on a cellular level in vitro is, of course, a strong

indication that there will be bad cellular retention in vivo.

The direct astatination of proteins leads to the formation

of a weak astatine-sulphur bond (6). This then leads to an in
vivo release of astatine, which tends to accumulate in

thyroid, stomach, spleen and lungs (11,18). The conjugation

method using -[211At]-N-succinimidyl-astato-benzoate (8) or

[211At]-N-succinimidyl-5-astato-3-pyridinecarboxylate (19)

seems to be a better choice to attach astatine to a targeting

protein similar to iodine. However, the peculiar astatine

chemistry requires more detailed analysis, and direct in vitro
comparisons of the cellular processing of different

conjugates are of interest.
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Figure 4. Retention of iodine and astatine after interrupted incubation of
A-431 cells with [125I]para-iodo-benzoyl-EGF (open circles), [125I]para-
iodo-benzoyl-EGF and [211At]-para-astato-benzoyl-EGF (filled
diamonds) and [211At]-para-astato-benzoyl-EGF (crosses). 



The binding patterns of 211At and 125I radioactivity

differed considerably. The cellular content of astatine

radioactivity decreased 2.5 times slower than that of iodine.

Furthermore, the maximum accumulation of astatine came

later than for iodine delivered as [125I]-benzoate-EGF,

which probably reflects a lower excretion rate of the

degraded conjugate. Earlier, we demonstrated that the

major reason for loss of radioiodine from cultured cells is

the proteolysis of the EGF-based conjugate followed by

diffusion of the degradation products from the cells (9). Our

experimental data are in agreement with the observation

that EGF binding results in an overall degradation of

EGFR and depletion of the EGFR pool (20). 

The excretion rate of radioactivity from cells depends on

many factors such as rate of recycling of receptor-labelled

ligand complexes, exocytosis and diffusion of degraded

products from the cell. Recycling and exocytosis are probably

similar for both studied conjugates since these phenomena

must be mainly determined by the cellular processing and

not the label. However, it could not be excluded a priori that

alpha-radiation of astatine affects cellular machinery. Some

alpha-particles might cause double-strand breaks, and

mobilisation of cellular resources for their repair might lead

to slowing down of other processes in the cells. Disfunction

of the cellular machinery might also occur in dying or

apoptotic cells. At the same time, relatively mild gamma-

and X-rays of 125I could not cause the same damage to cells,

and difference in retention might be due to a different action

of radiation of 125I and 211At on cells. To elucidate this

question, we performed a paired-labelling study, when

iodinated and astatinated EGF was co-incubated with the

same A-431 cells.  The amount of added peptide was

calculated to provide a ligand-to-receptor ratio 1:1 and

uniform cell binding. In these conditions, alpha-irradiation

should change the processing of the iodine label as well as

the astatine one. Cellular processing of paired-labelled EGF

was compared with processing of EGF labelled with iodine-

125 only. The uptake of iodine was equal in both systems,

while the uptake of astatine was approximately 3.6 times

higher. This was an indication of different retention of iodine

and astatine labels during initial incubation, when the bound

iodine label was processed and excreted more rapidly than

the astatine label. This phenomenon was confirmed during

the following retention study (Figure 4). At all time points,

the percentage of cell-associated radioactivity was 1.6-1.7

time higher for astatine than for iodine. At the same time,

retention of the iodine label was almost identical both in the

presence and absence of astatine. The described experiments

demonstrated that the biological effect of astatine alpha-

radiation in the doses used did not affect the cellular

processing of EGF.

Diffusion of degradation products across the cell

membrane most probably determines the retention of

halogen labels in the cells, and the diffusion rate is probably

faster for more lipophilic substances. Assuming that no

removal of halogen atoms from benzoate occurs, the most

probable degradation products would be iodo- and

astatobenzoic acids and their conjugates with N-terminal

asparagine, the only amino acid residue with a reactive

amino group in mouse EGF. One might expect that

diffusion of astatinated compounds should occur more

rapidly since astatobenzoic acid is more lipophilic than its

iodinated counterpart (the octanol-water partition

coefficients are 38 and 6, respectively, according to (18)).

Since our data indicate the opposite excretion pattern, other

processes, such as the dissociation of the astatine-carbon

bond and astatine interactions with other molecules, should

also be considered. In fact, the results of some studies

indicate that there is a release of free astatine after in vivo
catabolism of astatinated Fab and F(ab’)2 fragments

(7,18,21,22). The chemical behavior of free astatine has

pronounced metal features; so free astatine in cellular

cytoplasma can probably form covalent bonds or complexes

with different proteins, especially those containing free SH

groups (23,24). This can slow down the release of astatine

and may explain the shape of the curve of intracellular

retention of astatine. Such a process might have two distinct

phases, one associated with the fast release of

astatobenzoate, and the other with a slow release of

astatine. Interestingly, better retention of astatine in tumors

was also seen in comparative studies on the

phamacokinetics of rapidly degradable Fab and F(ab’)2

fragments labelled with iodo-and astatobenzoate, but not in

the case of slowly degradable intact antibodies (7,18,21,22).

The mechanism of de-astatination is difficult to

explain. In principle, the strength of the carbon-halogen

binding is higher for iodine than for astatine (62 kcal/mol

and 49 kcal/mol, respectively) (25). On the other hand,

the astatine-carbon bond does not dissociate

spontaneously since astatobenzoic acid and its derivatives

are stable in a variety of non-biological in vitro conditions

(7). Loss of the label is probably dependent on an

enzymatic activity. However, it seems unlikely that

enzymatic systems exist that are devoted to deastatination

of astatobenzoate. It is possible that astatine mimics in

size and polarity other groups that are substrates for

certain enzymes. However, with our present knowledge,

we cannot even speculate about this.

It is difficult to draw a decisive conclusion about the

applicability of [211At]-benzoate-EGF for radionuclide

therapy. The good retention may be outweighed by an

undesirable uptake of released astatine in healthy organs,

e.g. in thyroid and stomach. However, the findings of Larsen

et al. (26) indicate that the unfavorable consequences of in
vivo de-astatination can be reduced. Careful animal studies

are necessary for the evaluation of these questions.  
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