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Abstract In this work, the cocktail complex 153Sm/177Lu-

EDTMP was prepared in high radiochemical purity (more

than 99 %) using in house synthesized EDTMP ligand for

obtaining a possible synergistic wide range palliative agent.

The mixture was administered to wild-type rats and biodis-

tribution data collected after 2 h to 7 days showed at least

70 % accumulation of the radioactivity in the bone tissues.

Scintigraphic images were taken from wild-type rats injected

with 153Sm/177Lu-EDTMP after 24 h and the biodistribution

was shown to be consistent with post-mortem data. A com-

parative accumulation study was performed for vital organs

up to 7 days. 153Sm/177Lu-EDTMP seemed a promising

agent for bone pain palliation therapy in skeletal metastases

in humans as a novel combined radiopharmaceutical.
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Introduction

Bone metastases are a very common and often painful

problem experienced by many cancer patients. Successful

palliation of osseous metastases can be rewarding for

clinicians and improve quality of life and function in those

afflicted with numerous metastases and/or bone pain [1].

Approximately 50 % of patients with breast carcinoma and

80 % of patients with prostate carcinoma are affected by

metastatic bone diseases [2]. Due to several limitations of

other therapies, such as analgesics, bisphosphonates, che-

motherapy, hormonal therapy and external beam radio-

therapy, bone-seeking radiopharmaceuticals have an

important role in palliation of pain from bone metastases

[3]. Some of the bone seeking agents, such as Strontium-89

(89Sr), Phosphorus-32 (32P), Samarium-153 (153Sm), Rhe-

nium-186 (186Re) and Rhenium-188 (188Re) have been

tested and employed for this purpose [4–14]. These kinds

of therapy have many advantages including the ability to

treat multiple sites of tumoral involvement simultaneously,

lack of significant conflict with other treatments and ease of

administration and the potential to be used repetitively.

In palliative bone pain treatment it is of a vital importance

to prepare an effective formula supporting the delivery of

adequate dose of ionizing radiation at the skeletal lesion sites

and the least resultant bone marrow suppression at the same

time [15, 16]. A good deal of researches has been performed

to recognize potential therapeutic radionuclides with favor-

able radiation properties for preparation of pain palliative

bone seeking radiopharmaceuticals accomplishing those

requirements mentioned above [17]. It has been demon-

strated that the energy and hence the penetrating ability of the

particulates emitted from the radionuclides contribute sig-

nificantly to the efficacy of the radiotherapeutic agents.

Ethylenediamine tetra (methylene phosphonic acid) (ED-

TMP) (Fig. 1) is one of the most widely used ligands which

forms stable complexes with various radiometals, particu-

larly lanthanides, and all the complexes showed high bone

affinity and other favorable pharmacological characteristics

in biological systems [18, 19].
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153Sm-EDTMP is the most widely used pain palliation

radiopharmaceutical agent in the United States [20].

Recently, 177Lu-EDTMP has been used to palliate meta-

static bone pain as a new bone-seeking radiopharmaceuti-

cal [21, 22].
153Sm has favorable radiation characteristics, such as the

medium-energy b-particle emissions (Eb,max = 810 keV)

which is desirable for treatment, the medium-energy

gamma photon (103 keV) which is suitable for imaging,

and the short half-life (46.3 h). Lutethium-177 (177Lu) is

presently being considered as a promising candidate for use

in the palliative care of metastatic bone pain due to its

suitable nuclear decay characteristics, half-life 6.7 days and

soft beta particle emissions (Eb,max = 497 keV). The

energies of b-particles from 177Lu being adequately low; it

is expected to have minimum bone marrow suppression on

accumulation in skeletal lesions while simultaneously

delivering the appropriate dose. Emissions of adequate

energy gamma photons in low abundances (113 keV

(6.4 %) and 208 keV (11 %)) are suitable for carrying out

simultaneous scintigraphic studies and dosimetric evalua-

tion. [22–24].

Because of these complementary characteristics, it

seems using the combination of 153Sm and 177Lu together

can be more capable to treatment by allowing the deposi-

tion of high radiation doses in metastases spots during long

period instead using each of them separately. Since Lu3?

has similar coordination chemistry as that of Sm3?, it is

expected the pharmacokinetic properties of the EDTMP

complex with mixture of 153Sm and 177Lu will be similar to

both of 153Sm-EDTMP and 177Lu-EDTMP and the new

complex (153Sm/177Lu-EDTMP) may be known as a novel

combined radiopharmaceutical with more effectiveness for

palliative treatment of bone pain.

In this work, preparation, radiolabeling, quality control

and biodistribution studies (using scintigraphy and scarifi-

cation) of 153Sm/177Lu-EDTMP in wild-type rodents have

been reported. The time/activity diagrams for the labeled

compound in vital organs have been plotted base on mea-

surement and comparison of each radionuclide

simultaneously.

Experimental

Production of 153Sm and 177Lu were performed at the

Tehran Research Reactor (TRR) using 152Sm (n, c) 153Sm

and 176Lu (n, c) 177Lu nuclear reactions. Enriched 152Sm

(98.7 %) and Enriched 176Lu (64.1 %) were obtained from

Trace Inc., USA. All chemicals were purchased from

Sigma-Aldrich Chemical Co. UK Radiochromatography

was performed by counting of Whatman No. 2 using a thin

layer chromatography scanner, Bioscan AR2000, France.

A high purity germanium (HPGe) detector manufactured

by ORTEC Company, with 40 % relative efficiency cou-

pled to 8 K MCA system and a dose calibrator ISOMED

1010, Elimpex-Medizintechnik, Austria was used for

counting distributed activity in rat organs.

Calculations were performed based on the 103 and

208 keV peak for 153Sm and 177Lu respectively. Scinti-

graphic images were recorded using a dual-head digital

SPECT gamma camera (GE Wipro, USA) with a low-

energy-high-resolution (LEHR) collimator. Xylazine

hydrochloride and ketamine hydrochloride were used for

anesthetizing the animals prior to recording the scinti-

graphic images. All values were expressed as

mean ± standard deviation (Mean ± SD) and the data

were compared using Student t test. Animal studies were

performed in accordance with the United Kingdom Bio-

logical Council’s Guidelines on the Use of Living Animals

in Scientific Investigations, second edition.

Production and quality control of 153Sm/177Lu chloride

solution

153Sm was produced by neutron irradiation of 1 mg of

enriched 152Sm2O3 (152Sm, 98.7 % from Trace Inc.)

according to reported procedures [25] in Tehran Research

Reactor (TRR) at a thermal neutron flux of 5 9 1013

n.cm-2.s-1 for 60 h. Achieved activity of the produced
153Sm was 500 mCi after 8 h cooling time. The irradiated

target was dissolved in 1 M HCl, to prepare 153SmCl3 and

diluted with ultra-pure water, to produce a stock solution.

Also 177Lu was produced by neutron irradiation of 150 lg

of enriched Lu2O3 (177Lu, 64.1 % from Trace Inc.),

according to the previous procedures at TRR for a period of

7 days. Following irradiation, the target was cooled for

24 h to eliminate the possible presence of 176mLu (T1/2

= 3.7 h) as radionuclidic impurity and subsequently dis-

solved in 1 M HCl for the preparation of 177LuCl3 and then

diluted to the appropriate volume with ultra-pure water.

Total activity of the produced 177Lu was 350 mCi

approximately. Sufficient activities of each solution

(153SmCl3 & 50 mCi and 177LuCl3 & 35 mCi) were

mixed together. The radionuclidic purity of the solution

was determined for the presence of other radionuclides

Fig. 1 Structure of EDTMP
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using high purity germanium (HPGe) spectroscopy,

through the detection of various interfering gamma emit-

ting radionuclides. The radiochemical purity of the
153Sm/177Lu chloride was evaluated using 2-solvent sys-

tems for instant thin layer chromatography (ITLC) [A:

10 mM diethylenetriamine pentaacetic acid (DTPA), pH 5

and B: 10 % ammonium acetate:methanol mixture (1:1)].

Synthesis of EDTMP

EDTMP was synthesized from phosphorous acid, ethy-

lenediamine and formaldehyde in the presence of HCl by a

modified Mannich-type reaction [26]. To the stirring mix-

ture of phosphorous acid (33.66 g) and concentrated HCl

(33.44 g) under N2 atmosphere, ethylene diamine dihy-

drochloride (5 g) was added drop wise and the mixture was

heated to reflux. Aqueous solution of formaldehyde (37 %)

was then added drop wise to the mixture. Reflux (at

100 �C) continued for 4 h and the boiling suspension was

evaporated under vacuum. The residue was recrystallized

from water/methanol mixture [m.p. 214–215 �C; IR (KBr,

m cm-1): 3308, 2633, 2311, 1668, 1436, 1356; 1H NMR

(D2O, d ppm): 3.53 (d, J = 12.3 Hz, 8H,-N-CH2-P=O),

3.85 (s, 4H, -N-CH2-); 13C NMR (D2O, d ppm): 51.63,

52.73; 31P NMR (D2O, d ppm): 10.52].

Preparation of 153Sm/177Lu-EDTMP

A stock solution of EDTMP was prepared by dissolving in

1 M NaOH and diluted to the appropriate volume with ultra

pure water, in order to produce a solution of 50 mg/mL. For

labeling, an appropriate amount of the 153Sm/177Lu chloride

solution containing the required activity was added to the

desired amount of EDTMP solution (0.3 mL, 1–5 mg/mL).

The complex solution was then kept at room temperature for

60 min. The final solution was passed through a 0.22 lm

membrane filter and the pH was adjusted to 7–8 with 0.05 M

phosphate buffer (pH 7.5). The radiochemical purity was

determined using Whatman No. 2 chromatography paper or

ITLC-SG, eluted with NH4OH: methanol: water (0.2:2:4;

v/v/v) mixture.

Quality control of 153Sm/177Lu-EDTMP

Sterility and apyrogenicity of the complex

Sterility was controlled on a random sampling following

the decay of radioactivity. The Limulus Amoebocyte

Lysate (LAL) test was used for the validation of radio-

pharmaceutical production method according to European

protocol [27].

Stability of the complex in final formulation and presence

of human serum

Stability of 153Sm/177Lu-EDTMP in the final preparation

was determined by storing the final solution at 25 �C for

48 h and performing frequent ITLC analysis for the

determination of radiochemical purity using Whatman No.

2 chromatography paper or ITLC-SG, eluted with NH4OH:

methanol: water (0.2:2:4; v/v/v) mixture.

Fig. 2 Gamma spectrum for
153Sm/177Lu chloride solution

used in radiolabing
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Final 153Sm/177Lu-EDTMP solution (50 lL) was incu-

bated in the presence of freshly prepared human serum

(300 lL) (Purchased from Iranian Blood Transfusion Orga-

nization, Tehran, Iran) at 37 �C up to 7 days. The stability

was determined by performing frequent ITLC analysis using

the above-mentioned chromatography system.

Biodistribution studies in rats

A biodistribution study of the 153Sm/177Lu-EDTMP complex

was performed in Wistar rats weighing 200–250 g at 24 h

after radiolabeling. Briefly, 0.1 mL of the complex solution

containing *100 lCi of 153Sm and *100 lCi of 177Lu was

injected through the tail vein and the animals were sacrificed

by cardiac puncture post anesthesia, at the end of 2, 4, 24,

48 h and 7 days post injection. Three rats were used for each

time point. The tissues and the organs were excised and the

associated activity was measured by a high-purity germa-

nium detector (HPGe). Distribution of the activity in different

organs was calculated as the percentage of injected activity

(dose) per g of organ (% ID/g). The percentage of activity

excreted is indirectly ascertained by subtracting the activity

accounted in all the organs from the total activity injected.

Imaging studies in rats

The biologic behavior of the 153Sm/177Lu-EDTMP com-

plex was also ascertained by carrying out simultaneous

scintigraphic imaging studies in normal Wistar rats.

Briefly, 0.15 mL of the complex solution contain-

ing *150 lCi of each radionuclide was injected through

the tail vein of the animals, weighing 250–300 g.

Sequential scintigraphic image was acquired at 24 h after

administration of the radiopharmaceutical by a dual-head

SPECT system. The mouse-to-high energy septa distance

was 12 cm. The useful field of view (UFOV) was

540 9 400 mm2. The spatial resolution was 10 mm

FWHM at the CFOV. Prior to the acquisition of the ima-

ges, the animals were anesthetized by using a combination

of xylazine hydrochloride and ketamine hydrochloride. The

gamma camera was previously calibrated for 103 and

208 keV gamma photons of 153Sm and 177Lu with a 20 %

window, respectively.

Results and discussion

Production and quality control of 153Sm/177Lu chloride

solution

The radionuclides were prepared in the research reactor

according to regular methods for radiolabeling use. Spe-

cific activity of the produced 153Sm was 500–550 mCi/mg.

Specific activity of the produced 177Lu was 2.5 Ci/mg

approximately. The radioisotopes were separately dis-

solved in acidic media as a starting sample. Then the

solution was further diluted and mixed for obtaining the
153Sm/177Lu chloride solution followed by sterile filtering.

The radionuclidic purity of the solution was carried out

by recording the gamma ray spectra using the HPGe

detector. The spectrum of a sample taken mixed solution

has been shown in Fig. 2. As seen in this figure, there are

four peaks in the gamma-ray spectra that show two peaks

of them (69 and 103 keV) belong to 153Sm and the other

two peaks (113 and 208 keV) are related to the 177Lu.

According of quantitative analysis of the spectrum, the

radionuclidic purity of the mixed solution was obtained

more than 99 %.

Radiochemical impurities in the 153Sm/177Lu chloride

solution used in the radiolabeling step were checked by two

solvent systems; A, a mixture of 10 mM DTPA solution as

mobile phase on Whatman No. 2 paper (pH 3), the free

Fig. 3 ITLC chromatograms of 153Sm/177Lu chloride solution (left) and 153Sm/177Lu-EDTMP solution (right) on Whatman No. 2 papers eluted

with NH4OH: MeOH: H2O (0.2:2:4)
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Samarium and Lutetium cation in 153Sm3?/177Lu3? form,

was chelated with the polydentate eluting leading to the

migration of the cation in 153Sm/177Lu-DTPA form to

higher Rf (Rf 0.9), any other ionic species (such as
153SmCl4

-/177LuCl4
-, etc.) would lead to the observation

of new radiopeaks, especially at the origin (Rf 0.0–0.1). B,

a mixture of 10 % ammonium acetate:methanol (1:1) was

used as another solvent system on the Whatman No. 2

paper, 153Sm3?/177Lu3? remains at the origin using this

system while other ionic species would migrate to higher

Rfs.

Synthesis of EDTMP

The characterization of EDTMP synthesized inhouse were

carried out with the help of Fourier transform infrared (FT-

IR), 1H NMR, and 31P NMR studies.

The peak multiplicities and integrations of the 1H NMR

spectrums were consistent with the structure of EDTMP.

An eight proton doublet observed at d 3.55 ppm in the 1H

NMR spectrum of EDTMP could be attributed to the

coupling of the a-methylene protons with the adjacent

phosphorus atom, indicating the formation of the a-meth-

ylene phosphonic acid. The 31P NMR spectrum provides

confirmatory evidence of the formation of EDTMP. A

triplet observed at *d 9.86 ppm (J = *12 Hz) indicated

the coupling of the phosphorus atom with the a-methylene

group. This triplet appeared as a singlet in the proton-

decoupled 31P NMR spectrum, thereby confirming the

formation of the CH2PO (OH)2 group.

Preparation of 153Sm/177Lu-EDTMP

To investigate the effect of EDTMP concentration on

radiolabeling yield various amounts of the ligand were

added to fixed amount of activity. Radiolabeling yield

increased with increasing ratio amount and reached above

99 % in 60 min. Figure 3 demonstrates the radiochroma-

tograms of free 153Sm/177Lu and radiolabeled product at

optimized conditions in NH4OH: MeOH: H2O (0.2:2:4)

solvent system.

Quality control of 153Sm/177Lu-EDTMP

Stability of 153Sm/177Lu-EDTMP

The stability of prepared 153Sm/177Lu-EDTMP complex was

studied up to 48 h after preparation. The complex was found

to be stable in final pharmaceutical sample and its radio-

chemical purity was calculated above 99 % even 48 h after

the preparation by using Whatman No. 2 eluted with NH4-

OH: methanol: water (0.2:2:4) mixture. Stability test was

also developed for the complex in presence of human serum

at 37 �C using ITLC as mentioned above during 7 days.

Table 1 Percentage of injected dose per gram of tissues (%ID/g) at 2, 4, 24, 48 h and 7 days post injection of 153Sm/177Lu-EDTMP in wild type

rats based on the net area of 103 and 208 keV peak in gamma spectrum (n = 3)

Tissue %ID/g (Sm-153/Lu-177)

2 h 4 h 24 h 48 h 7 days

Blood 0.041/0.123 0.033/0.079 0.025/0.035 0.000/0.000 0.000/0.000

Lung 0.177/0.077 0.060/0.055 0.036/0.039 0.034/0.035 0.030/0.034

Stomach 0.234/0.168 0.532/0.445 0.493/0.264 0.218/0.201 0.209/0.191

Intestine 0.049/0.011 0.288/0.303 0.114/0.126 0.122/0.164 0.100/0.122

Liver 0.535/0123 1.096/0.293 0.951/0.250 0.698/0.223 0.626/0.161

Spleen 0.065/0.086 0.312/0.319 0.283/0.240 0.267/0.210 0.209/0.195

Kidney 0.406/0.214 0.462/0.250 0.486/0.256 0.307/0.202 0.231/0.181

Bone 2.523/2.673 2.308/2.263 3.922/3.828 3.556/3.770 3.411/3.735

Skin 0.168/0.114 0.129/0.131 0.143/0.147 0.127/0.152 0.124/0.145

Sternum 0.197/0.215 0.399/0.515 0.214/0.304 0.165/0.233 0.151/0.157

Fig. 4 Biodistribution of 153Sm/177Lu-EDTMP in wild type rats

(n = 3)
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Biodistribution studies in rats

In order to investigate biodistribution of 153Sm/177Lu-ED-

TMP in wild-type rats up to 7 days post injection was

determined. The animals were sacrificed by CO2 asphyxia-

tion at selected times after injection. Dissection began by

drawing blood from the aorta, followed by collecting spleen,

muscle, bone, kidneys, liver, intestine, stomach, lung and

skin samples. The tissue uptakes were calculated as the

percent of area under the curve of 103 and 208 keV gamma

photons of 153Sm and 177Lu per g of tissue (%ID/g),

respectively. The uptake of 153Sm/177Lu-EDTMP complex

Fig. 5 Comparative study of

vital organs uptake for
153Sm/177Lu-EDTMP based on

measurement of 153Sm and
177Lu separately and the kinetic

pattern differences for both

species
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in the different organs of Wistar rats expressed as %ID/g of

organ at different times post injection are shown in Table 1.

The results of the biodistribution studies revealed sig-

nificant bone uptake for 153Sm/177Lu-EDTMP complex. It

is evident from these values that the complex exhibited

significant skeletal accumulation with fast clearance from

the blood and other major organs. The radioactivity bio-

distribution of 153Sm/177Lu-EDTMP was clearly observed

that the major portion of injected radioactivity was trans-

ferred from blood circulation into bones. (Fig. 4).

Figure 5 compares the 153Sm and 177Lu species behavior

in biodistribution and extremely proves the similarity both

of them in the integrated complex. It demonstrates the

blood accumulation from 2 h to 7 days and shows that both

radionuclides were washed out from the circulation after

4 h, and were rapidly taken up in bones within 2 h after

administration and radioactivity concentration retained

almost constant up to 24 h. The accumulation remained

stable during 7 days.

Rapid uptake and low blood circulation activity lead to a

low kidney excretion, for both of the radionuclides. Unlike

significantly in the liver has almost no liver accumulation,

which is a major advantage of a therapeutic radiopharma-

ceutical due to the possibility of increasing the maximum

activity of complex which accumulates injectable dose,

especially for 177Lu with longer half-life.

Imaging studies in rats

The scintigraphic image of Wistar rats recorded at 24 h

after the administration of 153Sm/177Lu-EDTMP complex

is shown in Fig. 6. Significant uptake of the activity was

observed in the skeleton within 24 h post injection cali-

brated on gamma photons 103 keV for 153Sm and 208 keV

for 177Lu. The image clearly shows no appreciable accu-

mulation of activity in any other major organ or soft tissue

within 24 h post injection, the non-skeletal activity was

completely cleared by urinary excretion, since only the

skeleton could be visible at this time point.

As shown in Fig. 6, the complex is mainly washed out

from the circulation in the first few hours and is trapped in

bone tissues especially in spinal column, skull tail and

thigh bones. Insignificant activity is accumulated in other

tissues.

Despite there are some reports on combination radio-

pharmaceutical therapy applied to myeloablative treatment

of non-Hodgkin lymphoma [28], to the best our knowledge

this is the first study on preparation of an agent for com-

bination radiopharmaceutical bone palliation therapy. A

comparison between previous studies p on development of
153Sm-EDTMP [29, 30] and 177Lu-EDTMP [31, 32] and

the prepared formula using 177Lu/153Sm cocktail in this

study showed that no significant differences were observed

either in preparation and quality control steps or the bio-

distribution behavior of the resultant bone seeking agent.

What’s more, the vital outcome of using the cocktail

complex 153Sm/177Lu-EDTMP is to obtain higher bone

uptake and more favorable radiation properties because of

presence of radionuclides with complementary character-

istics may contribute significantly to the efficacy of the

radiotherapeutic agents.

Conclusion

153Sm/177Lu cocktail was prepared by mixing proper

amount of 153Sm and 177Lu activities produced separately

in Tehran Research Reactor (TRR) at a medium thermal

Fig. 6 Planar scintigraphic

images of 153Sm/177Lu-EDTMP

24 h post injection in wild-type

rat calibrated on gamma

photons: 103 keV for 153Sm

(left) and 208 keV for 177Lu

(right)
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neutron flux of 5 9 1013 n.cm-2 s-1 (radionuclidic pur-

ity [ 99 %). The bone seeking agent ethylenediamine tetra

(methylene phosphonic acid) (EDTMP) was prepared in-

house and characterization studies confirmed its structure.

Then it was radiolabeled with the prepared 153Sm/177Lu

cocktail at the optimized condition. The radiochemical

purity of the 153Sm/177Lu-EDTMP was determined by the

use of ITLC (radiochemical purity [ 99 %). The biodis-

tributions of radiopharmaceutically acceptable 153Sm/177Lu

(chloride) and 153Sm/177Lu-EDTMP formulations were

checked in wild-type rats up to 7 days post injection and a

comparative accumulation study was performed for vital

organs up to 7 days. The biodistribution data collected after

2 h to 7 days showed at least 70 % accumulation of the

drug in the bone tissues. Scintigraphic image taken 24 h pi

from wild-type rats injected with 153Sm/177Lu-EDTMP was

shown to be consistent with post-mortem data.
153Sm/177Lu-EDTMP is a promising agent for therapy of

bone pain metastases carrying the advantages of both
153Sm and 177Lu radionuclides. This study has offered

optimized production and quality control protocol for
153Sm/177Lu-EDTMP for the future clinical studies. The

theoretical and practical dosimetry studies will be consid-

ered at various injected doses to clinical trials in future

studies.

Acknowledgements Authors wish to thank Tehran Research

Reactor colleagues for their support and Mr. M. Mazidi for con-

ducting animal studies.

Conflicts of interest The authors report no conflicts of interest in

this work.

References
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