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STELLINGEN

1. De beschrijving van de thermodynamica van de hydrofobe interactie

in hydrofobe interactie chromatografie door Fausnaugh et al. in

termen van de structuur van water rond apolaire groepen is onjuist.

Fausnaugh J.L., Kennedy L.A. en Régnier F.E., J. Chromatogr. 317,

141 (1984)

2. De conclusie van Pietrzyk et al. dat een hoge dissociatiegraad van

een zout van een hydrofoob zuur een ion-paar retentie mechanisme

uitsluit, is discutabel.

Iskandarani Z. en Pietrzyk V.J., Anal. Chem. 54_, 1065 (1982)

Smith R.L. en Pietrzyk D.J., Anal. Chem. 56_, 1572 (1984)

3. Meyer gaat bij de verklaring van de waargenomen "enkelband" in ^ ^ 4

van l-methylcylcohexanol voorbij aan het feit dat de OH rekfrequen-

tie van de Aq rotameer kan samenvallen met die van de Bq rotameer.

Meyer A.Y., J. Mol. Struct. 10±, 143 (1983)

4. De verklaring van Welz en Schubert-Jacobs voor het storend effect

van metalen op de bepaling van seleen en arseen met hydride genere-

ring AAS wordt in onvoldoende mate gemotiveerd.

Welz B. en Sahubert-Jaaobs M., J. Anal. Atom. Speatroso. 1_, 23

(1986)

5. De verklaring van Geng en Régnier omtrent het retentiegedrag van

eiwitten in RP-HPLC is niet in overeenstemming met de kennis over

de adsorptie isothermen van methanol en ethanol aan alkyl-silica.

Geng X. en Régnier F.E., J. Chromatogr. 296, 15 (1984)

6. Charton's beschrijving van substituent invloeden levert geen verbe-

tering van de bestaande mogelijkheden op dit gebied.

Charton M., Pvogr. Phys. Org. Chem. 13_3 119 (1981)



7. In Nederland is er geen effectief milieubeleid, slechts een aanzet

tot milieubeheer.

Indicatief Meerjaren Programma Milieubeheer 1986 - 1990, Staats-

drukkerij (1985)

8. De meest voor de hand liggende oplossing om de overproductie in de

landbouw binnen de EEG te verminderen, lijkt het uit productie

nemen van de marginale gronden. Dit zal echter leiden tot onaan-

vaardbare problemen in deze gebieden, zowel in economisch als in

sociaal opzicht.

De Wit CT., Bedrijfsontwikkeling 16_, 8ê (198b)

9. Wanneer de "citation index" gehanteerd zal worden als raeetsnoer van

de waarde van wetenschappelijk onderzoek, zal dit meer ten goede

komen aan de papierindustrie dan aan het niveau van het wetenschap-

pelijk onderzoek.

10. De discussie omtrent creationisme en evolutionisme wordt beheerst

door het probleem dat de gelovigen teveel zeker weten en de weten-

schappers teveel geloven.

11. Het getuigt van een negatieve benadering dat de Consumentenbond in

haar maandelijks orgaan minstens zes "stekeligheden" vermeldt en

slechts twee "pluimen".

Stellingen behorend bij het proefschrift " ^Tc bone scanning

agents. Preparation and chemical analysis of Tc(Sn)pyrophosphate,

Tc(Sn)MDP and Tc(Sn)HMDP".
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1. 99mTc BONE SCANNING AGENTS:
A SURVEY

Introduction

The use of radioactive isotopes in medicine has a long

history. Soon after the discovery of artificial radioactivity its

potencies for use in medicine were pointed out. Originally the

main interest was to use the devastating radiation in the

treatment of malignant tumors. The realization of this

therapeutic potential, however, has been a slow process and is

still not fully developed. As a matter of fact the use of

radioactive isotopes for diagnostic purposes has overpassed their

therapeutic use (1 - 6).

The first diagnostic radiopharmaceutical was used by

Blumgart and Weiss (7) in 1924. They injected patients with

radioactive solutions to determine the velocity of the blood

circulation. Next in 1938 Hertz (8) showed that radioactive

iodide was accumulated in the thyroid. This method is still in

use both for diagnostic and therapeutic purposes (4).

Since these first experiments the applications of diagnostic

radiopharmaceuticals have increased rapidly. Now for many

regions of interest radiopharmaceuticals are available (2, 3, 9).

This thesis will deal with those agents which are used to detect

abnormalities in bone tissue.

History (10)

The first published observation that radioactive elements

may accumulate in human bone and cause pathologic changes was

made in 1925. A case of osteomyelitis was noticed in workers who

painted luminous dials for watches. It was found that the alpha

radiation emitter radium-226, a component of the luminous paint,



had accumulated in the bone tissue.

Soon after the discovery of artificially induced radio-

activity in 1934 by Curie and Joliot, the nuclide phosphorus-32

was used by Chiewitz and Hevesy to study the phosphate metabolism

in rats. It was demonstrated that phosphorus was predominantly

taken up by bone tissue. It was shown that bone formation is a

metabolically active process and ever since phosphorus-32 has

been widely employed in the elucidation of bone metabolism. In

the forties calcium-45 and its analogue strontium-89 were

suggested as tracers in biologic studies and their metabolism was

extensively investigated under both normal and pathologic-

conditions. All nuclides showed an increased uptake in bone

fractures and primary bone tumors. Although their use has added

much to the understanding of bone metabolism, their "in vivo"

diagnostic capabilities were low because their beta radiation

cannot be detected externally.

In the fifties, after the development of the Anger camera,

real diagnostic bone scanning was made possible. With the aid of

radiogallium it was shown that bone metastases could be

identified long before they were recognized roentgenographicaily,

because of preferential uptake in the tumor. In the next 15 years

strontium-85 was preferably chosen. It proved to be a reliable

and extremely sensitive tool for establishing the presence and

evaluating the extent of osseous metastasis, in the search for

the cause of skeletal pain, in selecting sites suitable for

biopsy and in planning radiation therapy fields. A drawback of

the use of strontium-85 was the long and cumbersome procedure

with poor resolution, due to a low target : background ratio, and

the high absorbed radiation doses. To overcome the latter problem

strontium-87m (t-w2 = 2.8 h, no beta radiation) was suggested in

the early sixties by Charkes and colleagues.

In 1962 fluorine-18 (t^ ,2
 = 1 1 0 min) was proposed as a

skeletal imaging agent. It was shown that bone uptake was an

indicator of blood flow to bone. Extensive experience confirmed



the usefulness of this nuclide in bone scanning. Its high cost

and limited availability (fluorine is produced in cyclotrons) led

to a continuing search for other nuclides. Rare earths and

alkaline earths were investigated as alternative bone scanning

agents, but none of them has proved to be better.

A major break-through was accomplished in 1971, when

Subramanian introduced a technetium tripolyphosphate complex as

bone scanning agent. This complex combined the ideal nuclear

properties of technetium-99m with the bone-seeking capabilities

of tripolyphosphate. Soon other technetium complexes with

phosphates or phosphonates were proposed. The ready availability

of technetium and the excellent bone images obtained with the

technetium—phosphate and -phosphonate complexes, have made bone

imaging a routine diagnostic procedure in many institutions,

regardless of size and location.

niTc (Sn) bone scanning agents

Technetium

Technetium (atomic number 43) is the first artificially

produced element. Although its existence was predicted (11, 12)

on the basis of the periodic table (ekamanganese), its discovery

occurred as late as in 1937. It was first prepared by Segre et

al. (13, 14) by bombarding molybdenum metal with energetic

protons or deuterons. Since then a number of isotopes has been

obtained. None of these is stable. The longest living isotopes

are 97Tc (t1/2 = 2.6 x 10
6 y), 98Tc <t1/2 = 1.5 x 10

6 y) and
99Tc (t1/2 = 2.1 x 10

5 y) (15, 16).

Technetium-99m is the isotope of medical interest. It

originates from the beta decay of molybdenum-99. Its physical

half life is 6.02 h (17). The nuclide decays to technetium-99

under emission of 140 keV (-photons. No /5-radiation is emitted.

Subsequently technetium-99 decays under emission of /i-radiation



to the stable nuclide ruthenium-99. The decay scheme is shown in

Figure 1 (18).

The physical properties of technetium-99m make the nuclide

well suited for many diagnostic applications. The short half life

and the absence of /(-radiation indicate a relatively low

radiation dose to the patient. The /--radiation has satisfactory

tissue penetration and is ideal for detection with Anger or gamma

cameras.

The employment of this nuclide on a large scale has been

made possible by the development of a 99Mo/99mTc generator at

Brookhaven National Laboratory (U.S.A.) in 1958 (19). This

generator consists of an alumina (AljO^) column on which

molybdenum-99 is adsorbed. Mo-99 decays with a half life of 67 h

to Tc-99m. The Tc-99m is eluted from the column (together with

Tc-99) with a 0.9 % NaCl solution. The amounts of eluted Tc-99m

and Tc-99 depend on the amount of adsorbed Mo-99 and on the

99Mo(66.7hr)

99 mTc (6.02 hr)

0.181

/}"0.292 Mev
100 %

99Tc (2.1x105yr)

99.
Ru (STABLE)

Figure 1. Principal decay scheme of molybdenum-99.



history of elution (19, 20)

At present two kinds of generators are in use (21, 22). They

differ in the origin of the adsorbed Mo-99. This is either

obtained by means of neutron irradiation of Mo-98 or it is

isolated from the fission products of U-235. The second type has

the advantage that carrier free Mo-99 is used, contrary to the

first type. This means that much higher specific activities of

Tc-99m may be obained. However, the first type can be produced at

lower costs. Nowadays the fission-produced generators are rapidly

gaining ground.

Due to the scarcity of technetium the basic chemistry of

this element was poorly explored for many years. However, the

interest of nuclear medicine for this element has prompted many

inorganic chemists to search for new complexes. Nowadays the

elucidation of the chemistry is increasing rapidly. This has been

facilitated by the ready supply of Tc-99, a by-product of uranium

fission (prices $2800 per gram in 1960 and $100 per gram today)

(16). A number of reviews has appeared covering various aspects

of technetium chemistry (12, 24 - 37).

Technetium is an element from group VIIB of the periodic

table together with manganese and rhenium. On the analogy of

these elements it is expected to exhibit various oxidation

states. Indeed, all oxidation states from -1 to +7 have been

reported (24, 36). Further, extrapolation from the chemistries of

the neighbouring elements molybdenum, ruthenium and rhenium leads

to the expectation that technetium will easily form complexes

with a great many ligands. These expectations are fully realized

and a large amount of technetium complexes with variable

coordination numbers and geometries have been synthesized (29 -

32, 36). In fact, from what is known it is to be expected that

the chemistry of technetium will prove to be among the most

diverse of the transition elements.



Reduction

In aqueous solutions the most stable form is pertechnetate,

TcO^" (Tc(VII). It is this chemical form which is eluted from the

generator. However, pertechnetate itself does net form complexes

with ligands. Only when technetium is reduced to lower valence

states, complexation occurs (27, 28).

Reduced states of technetium can be obtained in a number of

ways. Pertechnetate can be treated with reducing agents such as

ferric chloride and ascorbic acid (38), ferrous ion (38),

stannous ion (38 - 41), titanium (42), chromium (43) and

molybdenum (44) salts, concentrated hydrochloric (45) or

hydrobromic (46) acid and sodiumborohydride (46). Reduction can

also be accomplished electrolytically at Zr-electrodes (47, 48)

or inert (Hg or Pt) electrodes (49, 50). However, most often

reduction by stannous ion is applied.

In nuclear medicine practice commercial kits for the

preparation of the radiopharmaceuticals consist of a lyophilized

solution of SnCl-2-2 H20 and the appropriate ligand. Tin is

present in a large excess over technetium (mostly > 10 : 1) and

pertechnetate is reduced according to the following redox

reaction (51):

2 TcO4 + 3 Sn2+ + 8 H+ <==> 2 TcO2 + 3 Sn
4+ + 4 H2O

The reduced technetium species is subsequently complexed by the

ligand.

Two complications may arise during this preparation,

tly, hydrolysi

reactions are (52):

Firstly, hydrolysis of the Sn and TcO, species may occur. The

2 TcO4" + 3 Sn
2+ + 2 H2O <==> 2 TcO2l + 3 SnO2I + 4 H

+

Sn2+ + (x + 1) H20 <==> SnO.x H2c4 + 2 H
+

These reactions will occur when not enough ligand is present to

6



prevent hydrolysis of the tin and technetium species (41, 53,

54). The reactions are pH-dependent (51, 54, 55) and they are

promoted by high pH values during the preparation. These

processes lead to the formation of colloids which cause a high

soft tissue background and liver visualization and thus ruin the

intended scan (54, 56, 57). This problem is remedied by preparing

the complexes under neutral or acid conditions and by using an

excess of ligand over tin. Secondly, the Sn may be oxidized by

dissolved oxygen (57 - 59). This leads to a poor reduction of the

pertechnetate, which locates in the stomach and thyroid. The

problem can be solved by using a relatively large amount of tin

and by excluding oxygen from the solutions.

Besides these experimental problems, which can easily be

solved, the tin reduction method has a few more principal

drawbacks.

- When after the administration of tin a brain scan is performed

with pertechnetate, the in vivo distribution of pertechnetate is

altered (60, 61). Some radiopharmaceuticals contain so much tin

that this may become a serious problem. For this reason a

tendency to use lower amounts of tin is seen. However, this may

lead to a poor reduction of the pertechnetate or to a lowered

resistance against oxidation of the complex. To minimize these

problems the addition of antioxydants as ascorbic (62) or

gentisic (6 3) acid has been proposed.

- As mentioned above the reduction is best accomplished under

acid conditions. However, this may destroy the biological

activity of ligands such as leukocytes (64).

- Tin may become an integral part of the complex. The ionic radii

of technetium and tin are very similar, so mixed metal complexes

may easily be formed. On this point much discussion has arisen.

It has been shown that some complexes contain tin

(dimethyIglyoxime (65), EHDP (46, 66)) and others do not (HIDA



(67), glucoheptonate (68)). The presence of tin may alter the in

vivo distribution, although preliminary experiments have

indicated that this may play only a minor role (46, 69, 70). It

is interesting, however, that tin complexes themselves have

shown to be avid bone seeking agents (71 - 73).

Despite all this, in nuclear medicine practice nearly all

preparations are still made by means of tin reduction. Some other

methods of preparation have been proposed (e.g. use of sodium

borohydride as reductant or electrolytical preparation at inert

electrodes), but they are as yet only used for experimental

investigations.

Ligands

All ""TC(Sn) radiopharmaceuticals that are used to

investigate the skeletal system contain a diphosphate or diphos-

phonate group as ligand. Figure 2 shows the structures of the

ligands usually employed.

The phosphates and phosphonates are widely used in industry

as water-softeners in washing-powder. They may also be used as

corrosion inhibitors of steel (74). In medicine the use of

pyrophosphate and the diphosphonates was suggested in the

treatment of excessive bone resorption. It was shown (75 - 78)

that they inhibit the dissolution and crystal growth of

hydroxyapatite, the main component of bone tissue (79). In vivo

treatment with pyrophosphate, however, did not appear to be very

successful, because the P-O-P bond was hydrolyzed "in vivo" by

phosphatases. The P-C-p bond of the diphosphonates was shown to

be stable "in vivo" (52). Today diphosphonates are widely used in

the treatment of bone diseases such as Paget's disease and

myositis ossificans (80 - 82).

The (Sn)tripolyphosphate complex as a skeletal imaging

agent was introduced by Subramanian et al. (83) in 1971. Shortly
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Figure 2. Structures of ligands used in bone scanning agents

after 99mTc(Sn) complexes were proposed with longer chain linear

polyphosphates (84), pyrophosphate (54, 85, 86), ethane-1-

hydroxy-l,l-diphosphonate (EHDP) (87 - 90) and methane-

diphosphonate (MDP) (91) as ligands. All complexes showed

excellent bone uptake. However, the complexes with polyphosphate

showed somewhat variable results because it was difficult to

prepare polyphosphates with a narrow range of chain lengths. It

was also found that the uptake in the bone was inversely

proportional to the chain length (52). Thus pyrophosphate is a

chemically well characterized ligand and gives the highest bone

uptake.

In nuclear medicine practice the phosphates were soon

replaced by the diphosphonates because of their faster blood

clearance (91, 92). The slower blood clearance of the phosphates

has been ascribed to an "in vivo" hydrolyzation of the P-O-P bond

and to a higher protein binding (78, 90, 91). Among the

diphosphonates MDP is used almost exclusively because this agent

shows a slightly better overall image (91). Some investigators



have stated, however, that the presence of the hydroxyl group in

the EHDP complex is important for the adsorption of the complexes

onto bone. As a consequence this complex may have a better

diagnostic capability (93 - 96). As a result a new bone scanning

agent has recently been introduced, ""TcfSnJHMDP (hydroxy-

methane-diphosphonate), which may have a higher affinity to

metabolically-active bone mineral than 99mTc(Sn)MDP (97 - 99). In

the past ten years a few other bone scanning agents have been

proposed as useful, for instance imidodiphoshate (100) and 2,3-

dicarboxypropane-l,l-diphosphonate (DPD) (101), but they have

never been used to a large extent.

Survey of this study

Purpose

Since their introduction in 1971 (83) 99lnTc bone scanning

agents have been widely employed in nuclear medicine practice.

They are used for the diagnosis of numerous bone disorders, for

instance detection of secondary metastases, assessment of Paget's

disease, establishing the cause of pain in radiographically

normal bone and study of the activity of joint diseases (102). A

wealth of articles has appeared dealing with many aspects of

their clinical applications. Besides many publications have

appeared in which a clinical comparison is made between the

various bone scanning agents. In chapter 2 these articles wi-.l be

treated in some detail and the reader is referred to that chapter

for further information.

On the other hand, very little is known of the chemistry of

the bone scanning agents. This is due to the previously mentioned

lack of knowledge of technetium chemistry in general. Today the

number of articles dealing with chemical aspects is increasing

rapidly, but they almost invariably deal with preparations which

do not contain tin (27, 29, 35, 36). So it is difficult to

extrapolate conclusions for nuclear medicine practice.
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In 1975 an investigation was started in the Analytical

Chemistry Laboratory of the University of Utrecht on the

preparation and composition of 99mTc(Sn)EHDP (103, 104). This

study was continued in the "Energieonderzoek Centrum Nederland"

in Petten and resulted in the thesis of Van den Brand in 1981

(105). The main conclusion was that different 99mTc(Sn)EHDP

complexes were formed depending on the experimental conditions.

Further i t was shown that the different complexes showed a

different "in vivo" behaviour.

I t was decided to extend this study to other bone scanning

agents, with the ultimate goal to select an optimal bone scanning

agent, and optimal preparation conditions. Our main object was to

compare the preparation and composition of the different bone

scanning agents, used in nuclear medicine practice. Besides, our

intention was to gain an insight into the behaviour of the

various complexes of a particular agent "in vivo". The results of

this investigation are described in this thesis.

The following bone scanning agents have been used:

99mTc(Sn)pyrophosphate, 99mTc(Sn)MDP and 99mTc(Sn)HMDP. Pyro-

phosphate was chosen as a representative of the phosphates. In

practice, tin-pyrophosphate is s t i l l widely used as an agent for

labeling red blood cells (106, 107). Besides, i t may be used for

the assessment of myocardial infarcts in which i t shows a better

performance than the diphosphonates (108 - 110). MDP was used for

the obvious reason that i t is the most widely used bone scanning

agent today. HMDP, finally, was chosen to investigate whether

this agent has the improved properties that are claimed for i t .

The preparation and analysis of the different bone scanning

agents will be described in chapters 3 - 6 . The behaviour of the

complexes after injection will be dealt with in chapters 7 and 8.

In chapter 9 the main results will be summarized and discussed.

The following paragraphs shortly describe the various aspects of

this investigation.

11



Preparation of the radiopharmaceutical

A radiopharmaceutical preparation may consist of three major

technetium fractions: unreacted pertechnetate, uncomplexed

reduced technetium and the technetium-ligand complex. A number of

methods are known for carrying out the quality control of ""TC

radiopharmaceuticals in practice (111 - 114). They are mainly

based on thin layer and paper chromatography techniques because

of their simplicity and rapidity.

A high labeling yield is essential for a good performance of

the agent (56, 57, 59). However, little is known of the range of

experimental conditions in which a high labeling yield is

obtained.

Because it was our intention to vary the experimental

conditions, we have systematically investigated the labeling

efficiency as a function of experimental conditions. The varied

parameters were the Sn(II) and ligand concentration and the pH.

The initial paragraphs of chapters 3, 4 and 5 deal with the

labeling yields of 99mTc(Sn)pyrophosphate, 99mTc(Sn)MDP and
99lnTc(Sn)HMDP, respectively.

Composition of the radiopharmaceutical

It is now widely recognized that the complex fractions of

most radiopharmaceuticals consist of a number of different

complexes. A considerable amount of literature has demonstrated

this for the bone scanning agents (46, 105, 115 - 118). Further,

it has become well-known that the different complexes have

different affinities towards bone tissue (105, 119 - 121).

The second parts of Chapters 3 - 5 deal with the composition

of the complex fractions of 99mTc(Sn)pyrophosphate, 99mTc(Sn)MDP

and 99mTc(Sn)HMDP, respectively. It was investigated what factors

influenced the formation of the various complexes. In addition

efforts have been made to obtain a particular complex in a pure

form.

12



As method of analysis gel chromatography was used in order

to facilitate a comparison with the previously described results

for 99mTc(Sn)EHDP (105). The problems that may arise in using

this technique are discussed.

Chemical composition of a particular complex

Very little is known of the chemical composition of

technetium radiopharmaceuticals. This is mainly due to the low

concentrations of technetium that prevent the use of convential

methods of analysis. A way to circumvent this problem is to use

large amounts of carrier technetium. However, it has been shown

that this may lead to the formation of complexes that are not

present in "no carrier added" preparations (116, 119).

As far as the bone scanning agents are concerned, something

is known about the composition of complexes of EHDP in the

presence (46, 66) or absence (46) of tin. With regard to

complexes of MDP an X-ray analysis of crystals of TcMDP, obtained

by means of ligand substitution, has been published (95).

Chapter 6 describes results obtained for 'In'Tc (Sn)pyro-

phosphate. Carrier amounts of technetium were used and all

components were radioactively labeled. Gel chromatography was

used as method of analysis.

"In vivo" behaviour

A large amount of literature has appeared concerning the "in

vivo" behaviour of the complexes (27, 35, 52). The conclusions

drawn from these experiments are often rather conflicting. This

is not surprising, because the "in vivo" system is a complex one.

Consequently it is often the resultant of a number of processes

that is measured. Further, it has been shown that the method of

analysis influences the results to a great extent. For this

reason we have investigated the "in vivo" behaviour in an "in

vitro" system. In this way a particular process, occurring "in

13



vivo", can be simulated and then investigated separately.

The course of a bone scanning agent from injection into a

patient to deposition onto bone can roughly be divided into three

processes: dilution of the agent in the bloodstream, passage of

the complex through a number of membranes (vascular wall, bone

membrane and eventually the bone cell membrane) and deposition of

technetium onto the bone. The first process will be described in

chapter 7 and the last process in chapter 8. No investigation has

been performed with regard to the passage of membranes. However,

recently a study has been performed concerning this aspect (122).

The main conclusions of this study are discussed in chapter 9.

No topic has resulted in such divergent experimental results

as the binding of the bone scanning agents to plasma proteins

(91, 122 - 126). In chapter 7 the binding of technetium to plasma

proteins and red blood cells is described. As method of analysis

gel chromatography was used. The aim of investigation was whether

different complexes of a particular agent have different binding

affinities. The chemical form in which technetium is bound to

protein was also determined. Finally, the chemical composition of

the complexes, present in the plasma, was studied. The results

are compared with literature data and the different methods of

analysis that have been used, are discussed.

A number of reviews has appeared on the mechanism of the

deposition of the bone scanning agents onto bone. (35, 52, 127,

128) Generally it is believed that the site of adsorption is the

mineral phase of bone, the hydroxyapatite. Further, it has been

suggested that differences in performance between ""TctSnjMDP

and 99mTc(Sn)EHDP might have their origin in the adsorption onto

bone (93 - 96). Much controversy exists on the chemical form in

which technetium is adsorbed (90, 122, 129 - 132).

Chapter 9 deals with the adsorption of pyrophosphate, tin-

pyrophosphate and 99mTc(Sn)pyrophosphate on hydroxyapatite. All

components were radioactively labeled. Conclusions are drawn with

14



respect to the adsorption of different 99nlTc(sn)pyrophosphate

complexes. The adsorption of the two other bone scanning agents

is discussed with the aid of literature data (132) .
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2. 99mTc BONE SCANNING AGENTS:
CLINICAL COMPARISON

Introduction

In the previous chapter the clinical applications of the

bone scanning agents have been mentioned. It was stated that all

agents show good bone images, but in practice "TcfSnJMDP is

mostly used. This chapter will deal with the relevant literature

concerning a clinical comparison of the different agents.

Beforehand, it has to be remarked that it is not the intention to

present a complete review. The aim is to give an illustration of

the way a particular agent is chosen for in practice.

The usefulness of a particular bone scanning agent is

predominantly determined by the following processes: the

disappearance of the agent from the blood, the bone uptake and

the excretion by the kidneys. In clinical studies other

parameters are also used, such as the bone to soft tissue ratio,

to evaluate the bone uptake. Besides, the overall quality of the

image is considered. Finally, one has to consider that bone

scanning agents are often used in the diagnosis of metastases. As

a consequence the uptake by tumors has to be high compared with

that of normal bone. The next paragraphs will deal with these

various topics.

# Abbreviations used in this text:

Ligands: DPD, 2,3-dicarboxypropane-l,l-diphosphonate. EHDP, 1-

hydroxy-l,l-ethanediphosphonate. HMDP, hydroxymethanediphospho-

nate. MDP, methanediphosphonate. PolyP, polyphosphate. Pyp,

pyrophosphate.

Species: Human N, normal volunteers. Human P, patients with

proven abnormalities. In other cases the article is not clear

about the health condition of the humans.
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Blood clearance

Rapidly after injection the major part of the radiopharma-

ceutical disappears from the bloodstream. Within 15 minutes more

than fifty percent of the administred activity has disappeared

from the blood. After this first period the disappearance occurs

at a much slower rate.

This blood clearance has shown to have a triexponential

course. The first phase is believed to represent the rapid move-

ment of the complex from the vascular compartment to other

compartments. The latter compartment is believed to be cellular

and extracellular, with glomerular filtration predominating. The

second phase represents primarily uptake of the agent by bone and

the third phase may be related to a dissociation and elimination

of protein-bound technetium (5).

A rapid clearance from the blood is important because this

enables one to perform a scan shortly after injection. Table 1

shows literature data on the remaining Tc activity at different

times after injection. The half-times of the three above

mentioned elimination phases are shown in table 2. In a few

instances (13, 14) a biexponential course was found, but in those

cases the first blood samples were taken 10 and 30 minutes after

administration thus missing the first elimination phase.

It is evident from Table 1 that rather variable results are

obtained for a particular agent. This makes a ranking of the

agents difficult because the differences between them are rather

small. The results in Table 2 also show a large variation. For

the second phase (the uptake of the agent by bone) half-times

ranging from 18 - 62 minutes are found for 99mTc(Sn)EHDP and

half-times ranging from 14 - 49 minutes for 99mTc(Sn)poly-

phosphate .

Obvious factors affecting these results are the health

condition of the investigated individuals (healthy volunteers or

patients with proven disease) and the size and structure of the
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Tabl_e__l_. Blood clearance of 99mTc in human after injection of 99mTc bone

scanning agents.

Ligand

Tc activity [%] in blood after t [mini

Species* 60 120 180 240 Reference

PolyP

Pyp

Pyp

MDP

MDP

HMDP

PolyP

Pyp

EHDP

MDP

EHDP

EHDP

HMDP

PolyP

EHDP

PoJyP

Pyp

Human

Human

Human

Human

Human

Human

Human N

Human N

Human N

Human N

Human N

Human P

Human P

Human P

Human P

Human P

Human P

13

2

10

17

13

12

10

8

12

9

19

17

18

15

18

3

12

9

7

5

8

6

15

12

15

12

12

11

8

5

3

5

4

14

9

14

10

1

4

3

2

3

12

7

13

9

2

2

20

21

15

15

25

25

25

25

5

24

24

13

13

14

14

investigated population. Further, kits from different

manufacturers contain usually different amounts of tin and

ligand. To eliminate the first two factors those investigations

have to be excluded in which only a single agent is evaluated.

The last factor (composition of the kit) cannot be eliminated,

because too little is known of its influence on the "in vivo"

behaviour.

Taking these factors into consideration the following

general order of blood clearance can tentatively be made:
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Table 2^ Triexponential course of blood clearance in human of

99mTc activity expressed in half times.

Ligand Species

half-time in min.

(tl/2'l (tl/2f2(tl/2>3 Reference

PolyP

Pyp

EHDP

MDP

MDP

DPD

EHDP

PolyP

EHDP

PolyP

Pyp

Human N

Human N

Human N

Human N

Human N

Human N

Human N

Human P

Human P

Human P

Human P

2

2

3

2

6

7

4

49

38

62

51

47

58

27

30

18

14

14

1410

3222

457

870

398

412

144

294

168

512

380

25

25

25

25

16

16

5

13

13

14

14

HMDP > MDP > EHDP > Pyp > PolyP

Bone uptake of technetium

The procedure of determining the bone uptake is usually as

follows. A radiopharmaceutical is injected into a test animal and

after some time the animal is killed. After dissection the Tc

activity in various organs is determined. A few results for the

uptake into bone are shown in table 3.

From these results no conclusions can be drawn on the

ranking of the bone uptake of the various agents. A number of

serious drawbacks can be mentioned about this method, which give
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Table 3. Bone uptake of 99mTc a c t i v i t y j n animals after administration of
 9 9 mTc

bone scanning agents.

Bone uptake of 95mTc

Time Femur Femur Total

Complex Species Imin] % dose/g %dose/organ %dose Reference

HMDP

MDP

EHDP

Pyp

HMDP

HDP

S.UDP

Pyp

EHDP

ryp

MDP

Pyp

MDP

i.ilijp

Pyp

HMDP

Dog

Dog

Dog

Dog

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rat

Rat

Rat

Rat

Rat

90

90

90

90

60

60

60

60

120

120

120

180

180

60

60

60

120

120

0.0018

0.0013

0.0004

0.0013

0 26

0.16

0.19

0.23

2.3

0.8

47.a

44.9

39.7

23.9

32.8

2.58

1.48

1

1

1

6

6

C

6

15

25

25

19

19

22

22

22

26

26

an explanation of the large variation. The number of animals is

usually small (2-10 animals), different species are used, the

animals are killed at different times after administration of the

radiopharmaceutical and different parameters are used to express

the uptake.

Another approach is to determine the bone to soft-tissue

ratio of Tc-activity. A major advantage of this method is that it

can be applied to evaluate the bone uptake in clinical practice.
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Some results are shown in Table 4.

From these results a general ranking of the diphosphonates

can be made:

DPD > HMDP = MDP > EHDP

However, one has to take into consideration that this method also

shows variations of more than a one hundred percent in the

bone/soft tissue ratios for a particular agent, while the

differences between the agents are small.

A factor interfering with an objective evaluation of the

bone/soft tissue ratio is the selection of regions of interest on

the bone tissue and on the neighbouring soft tissue. This may

explain the differences found in the literature for a particular

agent.

Maybe a more appropriate approach excluding this difficulty

is the measurement of whole body retention of Tc activity after a

24-hour-period as proposed by Fogelman et al. (8, 10). Although

further research is needed, it may be applied as an objective

means to evaluate the bone uptake in clinical comparisons. Using

this method the following ranking of the diphosphonates was found

(22):

HMDP > MDP > EHDP

It is interesting that this ranking is about the same as found

for the bone/soft tissue ratios, and for the blood clearance.

Recently a similar method of analysis has been described

(11) using the urinary excretion of activity. This method is

easier to apply in practice. Preliminary experiments have shown

that this method is equivalent with the whole body retention

method (12).

Finally, as mentioned earlier the tumor to bone ratio is
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ro^.ic-*

HMDP

MDP

KHDP

MDP

HMDP

HDP

DPD

HMDP

HDP

HMDP

MDP

DPD

HMDP

HDP

HMDP

EHDP

EHDP

MDP

HMDP

MDP

Spi-ci

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

PS

N

N

N

N

N

N

N

P

P

P

P

P

P

P

P

P

P

P

Timr

[ n. i r, |

.'4 0

2 40

60

60

120

120

120

300

300

120

120

120

120

120

360

180

240

240

300

300

Hi

t<

1,

2,

1 .

1.

I.

1.

1.

1.

].

1.

3.

2.

>n>- .

•mur/

, IS

.81

6 3

64

S3

66

76

B9

68

49

65

96

Sol i t isB-jf Hat i

si luintjdi ;;p 's

4. Jf

4.13

2.23

2.6ft

1

5.74

4.63

3.62

5.07

5.22

5.S3

5.60

Turcor . No

2.74

2.7b

0. 9 i

0.7$

2.45

2.20

Table 5. Comparison of overal l image qual i ty in human of

scanning aqen ts .

Species PrefrrnnrB of 1iqand Siqnif icant

Humtin MDP -• Cy[> no

Human HMUP > MDP no

Humrtii N MI)F -• DPD no

Human N MI>P > KHDP > pyp •> P o l y p no

Human P Pyp > P o l y p no

Humjn P I'yp ? EHDP > Po lyP yps

))un,dn P KHOp - Pyp no

Human P HUI" > tHIJP no

Human P HMDP •- Ml)l' n o

Humdn P HMD!' * MDP n o

HumcVi P J1MDP ; KHDi' y e s

Kai IIHIJP > MUP no

Hat MDP > Py(> -- KHDP no
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also an important factor. Some results are shown in the last

column of Table 4. The conclusion is that no clear differences

exist concerning the diagnostic quality of the different agents.

Image quality

A major factor in the evaluation of the different bone

scanning agents is the overall image quality of the scan. Most

relevant literature deals with this.

Several methods have been developed for rating the bone

scans. The ratings depend mainly on the delineation of the bones.

Table 5 shows the preference for the various agents obtained by

evaluation of the overall image quality. It is also shown whether

the differences were found to be statistically significant.

It is clear from this table that no unambiguous results are

obtained. Further it is important that of the 13 described

ranking orders only two are found to be statistically

significant. This means that most rankings are obtained in a

rather subjective manner. If one wants to draw conclusions from

this table the following ranking order may be obtained:

HMDP > MDP > EHDP > Pyp > PolyP.

Conclusions

It is clear from the results described above that no large

differences exist between the clinical values of the various bone

scanning agents. This means that in our view no agent can be

prefered and that the choice for a particular agent is a rather

subjective one.

Further, it has to be noted that there are large variations

in the way a particular agent is evaluated. For that reason we
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heartily agree with Castronovo and Potsaid (4), who already

stated in 1977 that there is an urgent need for a standardiza-

tion of the methods of repo-ting data on radiopharmaceutical

distribution in human. Almost ten years later we believe that the

situation has not improved.

Finally, it is not our intention to say that no differences

exist between the various agents. As mentioned in the previous

chapter it has been shown that different complexes of a

particular agent show different degrees of bone uptake. We hope

that the analysis of the agents described in the following chap-

ters, will lead to more awareness of the fact that the method of

preparation may be of great importance for the "in vivo" beha-

viour of the various bone scanning agents.
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3. INFLUENCE OF EXPERIMENTAL CON-
DITIONS ON THE FORMATION AND
GEL CHROMATOGRAPHY OF 99mTc(Sn)
PYROPHOSPATE COMPLEXES

J. Kroesbergen, W.J. Gelsema, and C.L. de Ligny

Summary

The conversion of '"TCO*" to "'TC (Sn)pyrophosphate

complexes was investigated under various experimental conditions.

An increase of the Sn(II) concentration had a beneficial effect,

whereas the ligand concentration had little effect.The pH had

only a small influence over the range 2 - 8 . Raising of the pH to

10 resulted in the partial decomposition of the complexes, which

process could be reversed by lowering the pH.

Furthermore, the occurrence of various complexes was

investigated by means of gel chromatography on Biogel P-4 as a

function of pH and of the Sn(II) and pyrophosphate

concentrations. Four major fractions were found. A single

preparation contained, however, no more than two major fractions.

The formation of the different complexes was mainly governed by

the pH and the ligand concentration.

The influence of the eluent on the decomposition and

interconversion of the complexes during chromatography was also

studied. It appeared to be necessary that the eluent has the same

composition (except for 99lnTc04~) as the reaction mixture.

Published in Int. J. Nucl. Med. Biol. 12, 83 (1985)
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Introduction

Recently, it has been recognized that many mTc-

radiopharmaceuticals consist of a mixture of several complexes.

For instance, in the bone scanning agent 99rnTc(Sn)EHDP five

different complexes were found by means of gel chromatography

(1), while HPLC analysis revealed even more components (2, 3).

Also with MDP (3, 4) and pyrophosphate (5, 6) various complexes

were found. These results are very important for nuclear medicine

practice, because the different complexes have different

affinities towards bone tissue (4, 7, 8). So we thought it

worthwhile to study the composition of the radiopharmaceutical

""TC (Sn) pyrophosphate.

The labeling efficiency of pyrophosphate has not yet been

studied elaborately as a function of experimental conditions. In

most of the papers on this subject an "in vivo" assay was used (9

- 11), while Srivastava et al. (12) considered only the influence

of the tin content. So we have investigated the influence of the

pH and the concentration of tin(II) and ligand. Also the time

dependence of the complex formation was studied. The labeling

efficiency was determined using thin layer chromatography

according to the method of Zimmer and Pavel (13).

The occurrence of different Tc(Sn)pyrophosphate complexes

was studied by means of gel chromatography. This method has been

widely used for the quality control of ""Tc-radiopharmaceuticals

(14 - 16).

It has been demonstrated that artefacts may be introduced by

this method. Two sources of error were distinguished: an

interaction between the technetium complexes and the gel matrix

(mostly the dextran gel Sephadex) (17, 18), and decomposition of

the complexes because of dilution during chromatography (19, 20).

These problems could be solved by using the polyacrylamide gel

Biogel (21, 22), and by eluting with a solution of the ligand

(19). These measures have proven to be adequate for determining
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the labeling efficiency, but it has not yet been established,

that the relative amounts of the several complexes present in the

radiopharmaceutical do not change during chromatography.

So we investigated the influence of the concentrations of

pyroposphate and Sn(II), and of the pH of the eluent on the

chromatograms. Also, the effect of the time of contact between

gel and complexes was investigated. Thus optimal conditions for

the investigation of the reaction mixture as a function of pH,

Sn(II) concentration and pyrophosphate concentration were

established.

Experimental

Chemicals and apparatus
99mTc-generator (300 mCi Stercow 99m) (Byk-Mallinckrodt CIL

B.V., Petten, The Netherlands). Na4P2O7.10H2O, SnCl2-2H2O, NaCl,

HCl, NaOH, KBrO-j and acetone (Baker Analyzed Reagent) (J.T. Baker

Chemicals N.V., Deventer, The Netherlands). Bio-Gel P-4, 200 -

400 mesh (Bio Rad Laboratories, Richmond, U.S.A.). Chromatography

paper (Whatman No. 1) and DC-Alufolien Cellulose (E. Merck,

Darmstadt, West Germany).

Chromatography columns (K 16/100, K 16/40), flow adapters (A

16), laboratory valves (LV 4), gel and eluent reservoir (R 15/16)

and polyethylene capillary tubing (Pharmacia Pine Chemicals,

Uppsala, Sweden). Peristaltic pump (Minipuls 2) and fraction

collector (Mini MTDC) (Gilson, Villiers-le-Bel, France). Two-

channel, well type Nal(Tl)-detector counting system (Gamma 8000)

(Beckman Instruments, Irvine, U.S.A.).

Preparation of reagents and columns

Stock solutions of pyrophosphate were made in N,-purged

bidistilled water. Weekly a stock solution of 4xlO~2 M SnCl2.2H2O

was prepared in N2~purged 2 M HCl. A few grains of tin metal were
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added to prevent oxidation. The concentration was determined by

biamperometric titration with 2xlO~2 M KBrO3- Daily solutions of

appropriate concentrations were made by diluting the stock

solution with N2~purged physiological saline.

The pretreatment of the gel and the packing of the columns

were performed as recommended by the manufacturer (26). The

column dimensions were 82 x 1.6 cm in the majority of the

experiments. A smaller column (dimensions 23 x 1.6 cm) was used

in experiments 10 and 11 (Table 2). This column was also used in

the experiments in which the flow rate was varied. This column

was used to make possible a short contact time between the

complexes and the gel matrix.

The compositions of the eluents were as indicated in Tables

2 and 4. The eluents were prepared in a way similar to the

preparation of the radiopharmaceuticals. When the eluent

contained no Sn(II), the Sn(II) solution was substituted by

physiological saline. In experiment 10 the eluent contained only

physiological saline brought to pH 10 with NaOH.

Preparation of the radiopharmaceuticals

Sn(II) solution (1 mL) was added to 1 mL of a pyrophosphate

solution in a poly-Q-scintillation vial (Beckman) and the pH was

adjusted within 0.2 unit by addition of 1 M NaOH or HC1. Two

millilitres of the ""TC generator eluate (5 - 10 MBq) were

added and the pH was adjusted to the desired value. The reaction

mixture was allowed to stand for 15 minutes. During the whole

procedure the reaction mixture was stirred by flushing it with

nitrogen gas.

Thin layer chromatography

We used a modification of Zimmer and Pavel's (13) method. An

aluminium backed cellulose strip was developed with physiological

saline and a Whatman No.l paper strip was developed with acetone.
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The change of the adsorbents, from those used by Zimmer and

Pavel, had no consequences for the R^ values.

Gel chroinatographic analysis

An aliquot of about 1 mL of the reaction mixture was applied

onto the column and eluted with the appropriate eluent. The flow

rate was about 18 mL h and the separation took 8 - 1 2 hours.The

eluate was collected in fractions of 2 mL. Radioactivity in the

fractions was corrected for radioactive decay during the counting

procedure.

The recovery of radioactivity from the column was determined

by comparing the integrated activities of the 2 mL samples with

the activity of an aliquot of the reaction mixture. The areas

under the peaks were expressed as a percentage of the activity

applied onto the column. No corrections were made for overlapping

of peaks.

Results and discussion

Influence of experimental conditions on the labeling yield

The experimental conditions and the labeling yields are

shown in Table 1. Significant amounts of pertechnetate (10 -40

%) were found at the lowest tin level at pH 7 and 10. An amount

of ca 5 % was found at a tin level of 10~4 M at pH 10. In all

other cases the pertechnetate level was below 1 %. The remainder

of the non-complexed technetium stayed at the origin, when the

cellulose strip was eluted with physiological saline.

An increase of the Sn{ll) concentration has a beneficial

effect on the labeling efficiency. A similar but smaller effect

was also observed for EHDP (23). This is very important for

nuclear medicine practice, because the amounts of usable tin are

rather low in many kits. Furthermore they may vary among

different batches, especially in Sn-pyrophosphate kits (12, 24).
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Table 1. Labeling efficiency of pyrophosphate as a function of pH, Sn(ii) and

ligand concentration (mean value of duplicate experiments).

(Determined by means of thin layer and paper chromatography according to ref.

13) .

Sn(ll) [MJ

0.9 x 10~4 0.9 x 10 3

Pyrophosphate [M] pH 4 pH 7 pH 10 pH 4 pH 7 pH 10 pH 4 pH 7 pH 10

5.0 x 10 3 77.6 46.1 3.0 90.5 81.7 9.6 97.0 92.5 27.3

78.7 49.8 11.8 90.2 81.0 17.5 97.2 94.6 14.0

5.0 x 10"^ 75.6 46.3 16.8 90.4 90.4 39.8 97.7 96.8 76.7

The ligand concentration has almost no effect on the labeling

yield except at high pH values.

The influence of pH was further investigated at constant

Sn(II) (10~3 M) and pyrophosphate (10~2 M) levels. The labeling

yield did not change much over the range pH 2 - 8. Above pH 9,

however, a sharp decrease of the labeling efficiency occurred.

Figure 1 shows that the complex formation is over 80 %

within one minute after addition of the pertechnetate. The

complexes are stable for at least three hours. Raising of the pH

immediately causes a partial decomposition (hydrolysis) of the

complexes to occur. This hydrolysis is reversible, as on lowering

the pH the complexes are re-formed.

Influence of eluent on the chromatogram

The experimental conditions are given in Table 2. Table 3
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Figure 1. Time dependence and reversibility of complex formation.

mixture: 10~2 M pyrophosphate + 10 3 M Sn(II) +

TcO4", pH 4.8. At t = 195 min pH 9.9 by addition of NaOH. At t

= 300 min pH 4.8 by addition of HC1.

Reaction
99m,

shows the elution volumes of the peak maxima of the different

complexes, the areas under the peaks and the recovery of

radioact iv i ty from the column. Some typical chromatograms are

shown in Figure 2.

Experiments 3 and 4 (Fig. 2A and 2B) c lear ly demonstrate

that addition of t in( I I ) to the eluent has a large effect. When

Sn(II) is omitted, the originally present complexes (components

I I I and V) decompose and another component (VII) appears. This

component is continuously formed during the chromatographic

process as can be concluded from the shape of the peak

(fronting).

The pH of the eluent also plays an important role as can be

seen in experiments 4 and 5. Complexes III and V disappear, when

the pH of the eluent is raised to 7 and a new complex (II) i s

formed (see also Fig. 2B and 2C). Reaction mixtures of pH 4 and

7, both eluted at pH 7, give the same chromatogram (experiments 5

and 6). When both reaction mixtures are eluted at pH 4 s imilar
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chromatograms are obtained except for the appearance of component

IV (experiments 4 and 7, see also Fig. 2B and 2D).

In order to investigate the influence of the contact time

with the gel on the interconversion of the complexes, the flow

rate was varied between 6 and 27 mL h . This corresponds with a

contact time between the complexes and the gel matrix of 1.5 - 8

h. However, no effects on the elution volumes nor on the recovery

of radioactivity were noticed. Only the resolution between the

peaks decreased somewhat with increasing flow rate. Apparently,

the interconversion is complete within 1.5 h. This is in

agreement with the results shown in Fig. 1.

Also the effect of dilution of the eluent with physiological

saline was investigated (experiments 4, 8, 9). It was found that

with increasing dilution the amounts of complexes III and V

decreased and that of component VII increased. It can be

concluded that gel chromatography gives only information about

Table 2 Influence of eluent on chromatogram.

Summary of experi ment a 1 conditions. Colurrn dimensions: 82 x 1.6 cm Bloqnl P4

Experiment number

Reaction mixture

99l"Tc04- . , , , , , , . . . . .

SnIII) IM) - 10"3 10"3 10"3 10"3 1O"3 10~3 10"3 10~3 10"3 1O"3 1O"3

Pyrophosphate [M| - - 10"2 10"2 1O"2 10"2 10"2 10"2 10"2 10"2 10"2 10"'

pH 7 1.5 A.0 4.0 4.0 7.0 7.0 4.0 4,0 10.0 10.0 4.0

Snllll [Ml - 10"3 1CT3 10"3 10"3 10"4 10~5

Pyrophosphate [Ml 10"2 10"2 10"2 10"2 10"2 10"2 10"2 I""3 10~" - 10"2

pH 4.0 4.0 4.0 4.0 7,0 7.0 4.0 4.0 4.0 10.0 10.0

n"2

* Column dimensions; 23 x 1.6 cm Biogel P4.

(a Experiments in which flow rate was varied from 6 to 27 mL h"1- Column

dimensions: 23 X 1.6 cm Biogel P4.
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Figure 2. Role of Sn(II) concentration and pH of eluent on the

gel chromatographic analysis of 99mTc(Sn)pyrophosphate.

Column dimensions: 82 x 1.6 cm Biogel P4. For experimental

conditions see Table 1. Chromatograms of experiments 3 (A), 4

(B) , 5 (C) and 7 (D) .

the composition of the reaction mixture if the eluent has the

same composition as the reaction mixture, except for the absense

of pertechnetate.

Surprisingly experiment 2 shows a recovery of radioactivity

of over 90 %, although no pyrophosphate was present in the

reaction mixture. This implies that the reduced hydrolyzed

technetium is eluted by the pyrophosphate solution. So a serious

underestimation of the amount of reduced hydrolyzed technetium

may occur in the determination of the labeling yield by gel

chromatography, when the column is eluted with a ligand solution.
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However, in practice the labeling yield is mostly determined with

physiologcal saline as eluent.

In order to check this point a preparation of

Tc(Sn)pyrophosphate which was known to have a low labeling

yield (see Table 1) was eluted in both ways (experiments 10 and

11). Elution with physiological saline showed a good correlation

with the results from thin layer chromatography, whereas elution

with ligand showed a far larger recovery of radioactivity than

corresponds with the results of thin layer chromatography.

Formation of different Tc(Sn)pyrophosphate complexes

The experimental conditions were as described in Table 4.

The eluent had the same composition as the reaction mixture

except for TcO*~. The results are shown in Table 5.

Experiments 12 - 18 demonstrate that although the labeling

efficiency is quite constant over the range pH 3 - 8, there is a

large variation in complexes formed. Pour different complexes can

be discerned with elution volumes of 100 (component II), 110 -

120 (III), 135 - 145 (V) and 160 - 170 (VI) mL. Below pH 5 two

major complexes are formed, while above pH 5 only one component

is found. On raising the pH a shift occurs towards formation of

complexes with smaller elution volumes.

These results are in agreement with the conclusions for
99mTc-MDP (4), that formulation pH is most effective in the

generation of specific components.

The experiments in which the Sn(ll) and pyrophosphate

concentrations were varied were all performed at pH 4

(experiments 13, 19 - 23). Complexes III and V were formed.

The formation of the two complexes is mainly governed by the

pyrophosphate concentration. At high ligand concentrations more

complex III is formed and at low concentrations more complex V
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Tab_le _4 - Far ma l i o n of d i f f e r e n t c o m p l ^ x ^ s of ^ " W v i S n l [ .yrophusphat e.

Summary of e x p e r i m e n t a i c o n d i t i o n s . Column d i m e n s i o n s : 82 x 1.6 cm Biogel PA

Experiment number

12 13 14 16 IV IB 19 20 21 27

Sri I I I I [H|

p y r o p h o s p h a t e [Hi 1

10" J 10" J 10" 10- 3

10" 2

10* 3 10" 3 10" 3 1C~ 4

JO" 2 S.1(T3 5.10"* :. .10"'

Table 5. Fo

J. 0 4.0 4. CJ 5.0 6.0 7.0 8 .1' 4.0 4.0 4.0 •*..:•

dittftient comple

Experiment Number 12 13 14 IS 16 17 18 ]« 2U

Elutio

peak m

[mL]

11

III

IV

V

VI

VI I

VII 1

114

142

167

J 15

136

121

134

LOB

102 98

119 121 113 10 <* lit,

LU 1 30 8P 94 1 b 72 a: r;

V 38 64

VI 47

84 20 J7 4?

VII

VIII

Recovery I % (*

Labeling Efficiency^

% Complex 82 79 SO 61 84 88 8B 81 82 83 S9 57

O O O O O O O O C 1 0 0

% reduced-hydrolyzed Tc 18 21 20 39 16 12 H 19
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Elution volume (ml_)

(C)

100 125 150

Figure 3. Gel chromatography of 99mTc(Sn)pyrophosphate at

different pyrophosphate concentrations (experiments 21 - 23).

Column dimensions: 82 x 1.6 cm Biogel P4. Reaction mixture and

eluent: 10"4 M Sn(II), pH 4 + 5xlO~2 M (A), 10"2 M (B) and 5xlO"4

M (C) pyrophosphate.

(Figure 3). Effects of the pyrophosphate concentration have been

observed visually (pink and blue complex) with carrier technetium

(25) and in the analysis of bone scans (9, 10). The Sn(II)

concentration seems to have little influence.

Conclusions

Pyrophosphate can be effectively labeled under

following conditions: pH

1Pyrophosphate) > 10~2 M.

2 - fSn(II)] 10-3
the

M,

Gel chromatographic analysis of pyrophosphate (and

presumably also phosphonate) complexes should be performed with

an eluent containing the same Sn(II) and ligand concentrations

and at the same pH value as the preparation to be analyzed.
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The obtained chromatogram cannot be used simultaneously for

determination of the labeling yield, for the following two

reasons:

(1) the presence of Sn(II) in the eluent can result in a

conversion of unreacted pertechnetate into complex, during

chromatography,

(2) the presence of ligand causes the elution of - at least a

part of - the reduced hydrolyzed technetium to occur.

When gel chromatography is used for the determination of the

labeling yield physiological saline should be used as eluent.

Four different Tc(Sn)pyrophosphate complexes can be

distinguished. However, in a single radiopharmaceutical

preparation no more than two major complexes are present. The

presence of a particular complex is mainly governed by the pH and

the pyrophosphate concentration. The Sn(II) concentration seems

to play a minor role on the relative amounts of the different

complexes. However, it has to be noted, that the tin

concentration does influence the labeling yield.
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4. PREPARATION AND GEL CHROMATO-
GRAPHY OF 99mTc(Sn)MDP COMPLEXES

J. Kroesbergen, W.J. Gelsema, and C.L. de Ligny

Summary

The preparation of ""TcfSnJMDP was investigated as a

function of pH, MDP concentration and Sn(II) concentration. The

labeling efficiency was over 90 percent in the majority of the

experiments and remained constant over the range pH 2 - 9 . The

MDP concentration had little effect, while the Sn(II)

concentration had a significant positive influence. The complex

formation appeared to be partly reversible.

The formation of different complexes was investigated by

means of gel chromatography under various experimental

conditions. Altogether six complexes were found. At acid

conditions two major complexes were found and at neutral pH one

major complex. The presence or absence of a particular complex

was mainly determined by the pH and by the MDP concentration. The

Sn(Il) concentration had very little effect.

The results are compared with previous results of similar

experiments with Tc{Sn)pyrophosphate (1).

Int. J. Nucl. Med. Biol., in press
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Introduction

We are now involved in comparing a number of ""TC(Sn) bone

scanning agents with regard to preparation, composition and

properties. A number of publications (2 - 4) has already

appeared in which the various agents are compared, based on

biological and clinical experiments. We have decided to compare

the bone scanning agents from a chemical view-point. Previously

we reported upon the preparation and gel chromatography of

""ic (Sn) pyrophosphate (1), which is the main bone scanning agent

from the phosphate class. On the preparation, composition and

properties of Tc(Sn)EHDP of the phosphonate class an article

has already been published (5 - 7). In the present article we

report upon '"TcfSnJMDP, the most often used agent in nuclear

medicine.

To our knowledge the labeling of MDP under various

experimental conditions has never been described. It appears to

have a high labeling yield under most experimental conditions. We

have investigated the labeling as a function of MDP- and Sn(II)-

concentration and of pH.

For ""re (Sn) pyrophosphate a reversible interconversion was

found between complexed technetium and reduced hydrolyzed

technetium, depending on pH. We have examined whether this also

holds for MDP, using thin layer and paper chromatography as

analysis methods.

'.u._ presence of various complexes in a reaction mixture and

the consequences of this fact for bone scans attract a lot of

attention (1, 5 - 11) at the moment. Also for 99mTc(Sn)MDP

various complexes were found by means of several techniques (9 -

12). We have used gel chromatography as the method of analysis

to allow a comparison with the results obtained for EHDP (6, 7)

and pyrophosphate (1) obtained by this technique.

From the experiments with pyrophosphate it had become

evident that the composition of the eluent has a large influence
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on the chromatogram. So after a concise investigation of the

influence of eluent on the gel chromatography of 99mTc(Sn)MDP, it

was decided to use an eluent with the same composition as the

reaction mixture (except for pertechnetate).

We investigated the influence of pH and of the ligand and

tin concentrations on the formation of different complexes. It

has been found for 99(m)Tc(NaBH4)MDP (10) and 99mTc(Sn)pyro-

phosphate (11 that pH is the main factor in the formation of

different complexes.

Experimental

Chemicals and apparatus

99lnTc-generator (300 mCi Stercow 99m) (Byk-Mallinckrodt CIL

B.V., Petten, The Netherlands). MDP (trisodium salt) (Sigma

Chemical Co., St Louis, U.S.A.) . SnCl2.2H2O, NaCl, HC1, NaOH,

KBrOj and acetone (Baker Analyzed Reagent) (J.T. Baker Chemicals

N.V., Deventer, The Netherlands). Bio-Gel P-4, 200 - 400 mesh

(Bio Rad Laboratories, Richmond, U.S.A.). Chromatography paper

(Whatman No. 1) and DC-Alufolien Cellulose (E. Merck, Darmstadt,

West Germany).

Chromatography columns (C 10/40), flow adapters (AC 10),

laboratory valves (LV 4), gel and eluent reservoir (RC 10) and

polyethylene capillary tubing (Pharmacia Fine Chemicals, Uppsala,

Sweden). Peristaltic pump (Minipuls 2) and fraction collector

(Mini MTDC) (Gilson, Villiers-le-Bel, France). Two-channel, well

type Nal(Tl)-detector counting system (Gamma 8000) (Beckman

Instruments, Irvine, U.S.A.).

Preparation of reagents

Stock solutions of MDP were made in ^-purged bidistilled

water. A solution of 4.10 M SnC^.SHjO was prepared weekly in

Nj-purged 2 M HC1. Solutions of appropriate concentrations were
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made daily by diluting this stock solution with ^-purged

physiological saline.

Preparation of the radiopharmaceutical

1 mL of a Sn(II) solution was added to 1 mL of a MDP

solution and the pH was adjusted by addition of 1 M NaOH or HC1.

Two millilitres of the 99mTc generator eluate (10 - 20 MBeq) were

added. If necessary, the pH was adjusted again and the reaction

mixture was allowed to stand for 15 minutes. During the whole

procedure nitrogen gas was bubbled through the reaction mixture.

Chromatography

The labeling efficiency was determined by means of thin

layer and paper chromatography as reported previously (1).

The pretreatment of the gel and the packing of the column

for gel chromatography were performed as recommended by the

manufacturer (13) . The column dimensions were 70 x 1.0 cm. The

compositions of the eluents are indicated in Tables 2 - 4 .

About 0.5 mL of the reaction mixture was applied to the

column and eluted at a flow rate of about 6 mL h" . The

separation took 10 hours. The eluate was collected in fractions

of 0.5 mL and radioactivity was counted in a Gamma 8000 detector

system.

The recovery was determined by comparing the eluted

radioactivity with the applied activity . The peak areas were

expressed as a percentage of applied radioactivity. No

corrections were made for overlapping of peaks.

Results and discussion

Influence of experimental conditions on the labeling yield

Table 1 shows the experimental conditions and the labeling
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Table 1. Labeling percentage of MDP as a function of pH, Sn(II) and

ligand concentration.

Determined by means of thin layer and paper chromatography (mean value

of duplicate experiments).

Snlll) [M]

1.1 x 10"5 1.1 x 10"4 1.1 x 10"3

MDP [M] pH 4 pH 7 pH 10 pH 4 pH 7 pH 10 pH 4 pH 7 pH 10

5.1 X 10~3 91.5 88.0 0 92.8 93.6 12.2 96.6 96.0 59.1

1.0 X 10"2 92.3 91.5 1.6 94.6 96.1 22.4 97.2 96.5 74.6

4.4 x 10"2 93.6 91.2 17.2 94.9 98.7 86.0 96.9 98.5 89.5

yields (expressed as 100 % - % reduced, hydrolyzed technetium - %

pertechnetate). Pertechnetate was found in high amounts (20 - 40

%) at 10~5 M Sn(ll), pH 10. Lower but significant amounts ( 2 - 5

%) were found at 10~5 M Sn(II)f pH 7 and at 10~ 4 M Sn(II), pH 10.

In all other cases the pertechnetate level was below 1 %.

At pH 10 clearly smaller amounts of complex are formed than

at pH 4 or 7. A further investigation of the pH influence

revealed that the percentage of complex remained nearly constant

over the range pH 2 - 9. Also the ligand concentration has little

influence. Only at pH 10 a significant positive effect is seen.

The Sn(Il) concentration has a distinct positive influence. This

is important for nuclear medicine, because it has been shown that

the amounts of tin(II) present in radiopharmaceuticals are often

only about fifty percent of the stated amounts (14).

Summarizingly it can be stated that tin-MDP can be labeled

effectively over a broad range of experimental conditions.
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Figure 1. Decomposition and re-formation of

complexes as a response on pH changes.

Reaction conditions: 10~~ M MDP + 10~3 M Sn{II) + 99lnTcO4", pH 7.

At t = 165 minutes the pH of the reaction mixture was raised to

pH 10 and at t = 240 minutes the pH was lowered again to pH 7.

The labeling efficiency was determined by means of thin layer and

paper chromatography.

When these results are compared with the results previously

obtained for pyrophosphate and EHDP (5), it can be seen that the

labeling of all three bone scanning agents follows a similar

trend. There is, however, one distinct difference. The effects of

pH and of the concentrations of ligand and tin are much smaller

for the complexes of the diphosphonates than for the complexes of

pyrophosphate.

Further, the rate of the complex formation and the

decomposition and re-formation of the complex as a response on pH

changes have been investigated. The results are shown in Figure

1.

The complex is formed immediately after addition of the

pertechnetate and it is stable under nitrogen for at least 3

hours. When the pH is raised to 10, part of the complex is

converted into a form behaving in the same manner as reduced

hydrolyzed technetium in thin layer chromatography. After about
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30 minutes the labeling percentage has reached a constant (lower)

value. When subsequently the pH is lowered again, the complex is

re-formed in about 15 minutes.

So the complex formation of MDP is partly reversible, just

like that of pyrophosphate. However, compared with the results

for pyrophosphate the breakdown of the MDP complex occurs at a

slower rate. It can thus be concluded that the 99mTc(Sn)MDP

complex is more stable than the "'Tc(Sn)pyrophosphate complex.

Influence of eluent on the gel chromatography

The influence of the eluent on the chromatogram has been

investigated at pH 7 and pH 3. Three eluents were used:

physiological saline, an MDP solution in physiological saline and

an eluent containing both MDP and Sn(ll). The experimental

conditions and the results are shown in Table 2. Figure 2 shows

the chromatograms obtained at pH 7.

At pH 7 one complex is found when the eluent is identical to

the reaction mixture. When Sn(II) is omitted from the eluent a

second peak appears. When physiological saline is used as the

eluent both peaks are found again, but the relative amount of the

second peak has increased. At pH 3 two peaks are found in all

cases, but the relative amounts of the peaks depend on the

composition of the eluent.

These results indicate that the presence or absence of

Sn(II) in the eluent greatly influences the chromatogram. A

possible explanation is that some complexes contain tin, as

demonstrated for the ""TcfSnjEHDP complex by Van den Brand (7).

When tin is omitted from the eluent, this may result in a partial

loss of tin from the complex. Another explanation is that during

chromatography a partial reoxidation of the technetium occurs

(15, 16). Only when tin(II) is present in the eluent this process

can be prevented. A support of this last explanation is the fact

that similar changes in composition of the complex fraction were
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Table 2. Inf luence of e luen t on the ;e l chromatography of 99mTcISn)MDP.

Column : 70 x 1.0 cm Biogel P4. Reaction mixture : 10~2 M MDP + 10~3 M

Sn(II ) + 9 9 mTc0 4~, pH 7 (Exp 1 - 3 ) and pH 3 (Exp. 4 - 6 ) .

Experiment number

Eluent

MDP [Ml

Sn(II) [M]

pH

Elution volume of

peak maximum"1"*

(mLl

Area under peak

Recovery [%i

% Complex*

II

III

V

II

III

V

-

-

7

30.9

34.2

38

39

79

97

10-2

-

7

30.0

32.8

72

25

98

98

10-2

lO"3

7

31.6

101

102

96

-

-

3

33.9

38.9

52

14

96

lO-2

-

3

34.5

39.9

34

51

i.7

95

lO-2

10" 3

3

35.9

41.9

46

39

90

98

+ Phys io logica l s a l i n e was used as the e luen t

1-+ See Table 3 for complex n r . I , IV and VI

* Expressed as a percentage of app l ied counts

i Determined by means of thin layer and paper chromatography

also obtained by Pinkerton (8) for Tc(BH4)EHDP and by Tanabe et

al . (10) for Tc(BH4)MDP complexes prepared under anaerobic and

aerobic conditions, respectively. Further investigations on the

composition and the stability of the complexes are needed to

investigate which explanation is the right one. Also the presence

of MDP in the eluent has an influence on the chromatogram.
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Figure 2. Influence of eluent on the gel chromatography of
99mTc(Sn)MDP at pH 7.

Column : 70 x 1.0 cm Biogel P-4, Reaction mixture: 10 M MDP +

10"3 M Sn(II) + 99mTc04~, pH 7.0. Eluent: Physiological saline

(A), 10~2 M MDP in physiological saline (B), and 10~2 M MDP + 10"

M Sn(II) in physiological saline (C).

In brief, it is evident that the composition of the eluent

has a large impact on the chromatogram. The same observation was

made for '"TC (Sn)pyrophosphate (1). It has been shown also that

interconversion between complexes occurs (1, 10, 18), when the pH

of the preparation is changed. In order to avoid changes in the

composition of the reaction mixture during chromatography, due to

an eluent of different composition, we have chosen to use the

reaction mixture (except for pertechnetate) as the eluent. It

must be noted, however, that in this way labeling yield cannot be

determined. The reasons for this fact are stated in our previous

article (1).

Influence of pH

The influence of pH on the formation of different complexes

was investigated over the range pH 2 - 9 at constant MDP- and

Sn(II)- concentrations (10 and 10~3 M, respectively). The
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Table 3. Influence of pH on the formation of different 99mTc(Sn|MDP complexes.

The reaction mixture consisted of 10~2 M MDP + 10"3 M Sn(II) + 9 9 mTc0 4~ in all

cases. The eluent was identical to the reaction mixture. Column : 70 x 1.0 cm

Biogel P4.

Experiment number 7 8 9 10 11 12 13 14

pH 2.1 3.1 3.9 5.0 6.1 7.0 8.0 9.0

Elution volume of I 22.1

peak maximum II 12.1 32.7 if;.! i',1.0 31.6 30.9 31.2

[mL]S III 33.8 35.9 35.4 34.4 34.0 ZB.L-

IV 37.5 7.7.1, Z7.0 37.1 37.1

V 42.3 41.9 40.2

VI iS.e

Area under peak I

[%J* II 101 92 83

III 9 46 53 94 93

IV 29

V 51 39 38

VI

Recovery [«J* 96 90 92 95 94 102 94 89

% Complex* 97 98 97 98 97 96 96 91

S If the elution volume is italicized a shoulder was found, which could not be

quantitated

* Expressed as a percentage of applied coun'.s

# Determined by means of thin layer and paper chromatography
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25 35
elution volume (ml)

25 35

Figure 3. Chromatography of 99mTc(Sn)MDP complexes at various pH

values.

Column : 70 x 1.0 cm Biogel P-4. Composition of reaction mixture

and eluent: 10"2 M MDP + 10"3 M Sn(II), pH 3.1 (A), pH 5.0 (B),

pH 7.0 (C), and pH 9.0 (D).
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results are shown in Table 3. Some chromatograms are shown in

Figure 3.

Although the percentage complex remains nearly constant, a

shift in the composition of the complex fraction is found.

Altogether six complexes are discerned. Up to pH 4 the reaction

mixture consists of two major complexes, while above pH 4 one

major complex is formed. Between pH 6 and 7 the nature of the

major complex changes. Finally at pH 9 a small amount of activity

is found in the "void volume" of the column. The overall picture

is that at increasing pH values the number of complexes

decreases. The elution volume of the complexes formed at high pH

values is lower than that of the complexes formed at low pH. The

same observation was made for "'TC(Sn)pyrophosphate (1), but not

for 99mTc(Sn)EHDP (7).

The number of peaks we found is considerably smaller than

the number of peaks found by Srivastava et al (9). They found for

a commercial mTc(Sn)MDP kit four major peaks at pH 7.8 by means

of reversed phase HPLC. Vallabhajosula et al. (12) found two

complexes at pH 7 for ""TcCSnJMDP by means of gel

chromatography. The number of peaks found in our experiments

agrees fairly with the results obtained by Tanabe et al. (10).

They found altogether 5 complexes over the range pH 2 - 10 for

'"Tc(NaBH4)MDP, by means of anion exchange HPLC.

An exact comparison between our results and these literature

data is hard to make because of the variety of methods employed.

For a comparison one has to consider the following causes that

may give rise to different results :

1 As mentioned previously, the eluent has a large influence on

the chromatogram in gel chromatography. This explains the

difference of our results with those of Vallabhajosula et al..

They used physiological saline, and with that eluent we also find

two complexes at pH 7.
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2 When tin is used for the reduction of the pertechnetate, it may

become an integral part of the complex. It has been shown for

Tc(Sn)EHDP (6) and

complexes do contain tin.

QQ QQ

Tc(Sn)EHDP (6) and Tc(Sn)dimethylglyoxime (17) that some

3 The presence of foreign substances such as ion pair reagents

and modifiers in the eluent and of antioxidants in the

radiopharmaceutical may cause changes in the composition of the

complex fraction. This may especially easily occur with the

rather labile bone scanning agents.

4 The resolution in reversed phase and ion-exchange HPLC is

better than the resolution in gel chromatography. This implies

that shoulders seen in our experiments may appear as distinct

peaks in the HPLC experiments.

Both our results and those of Tanabe et al. clearly indicate

that pH is very effective in determining which complexes are

formed. This may imply that the protonation of the ligand is an

important factor in the preparation of the complexes. This

becomes more evident when also the results for mTc(Sn)pyro-

phosphate are taken into account. With both ligands two major

complexes are found at low pH and one complex is formed in nearly

neutral solution. A transition in the nature of the complex

occurs between pH 6 and 7 for MDP (Exps. 11 and 12) and between

pH 5 and 6 for pyrophosphate. Further, the labeling efficiency

begins to decrease for MDP at a higher pH value than for

pyrophosphate. So the general picture is that changes occur at

somewhat higher pH values with MDP.

A comparison of the pKn-values for both ligands H^L, pKn =

-log [H+] [Hj^L] [HJJL]"1 gives pKj - pK4 for MDP 10.7, 7.5, 2.9

and 2.2 and for pyrophosphate 9.3, 6.7, 2.1 and 0.9 (19). A shift

of pK values towards higher values for MDP is seen, so a

relation between the composition of the reaction mixture and the

protonation of the ligand appears to exist.
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Table 4. Influence of Sn(Il) and MDP concentration on the formation of

different 99mTc(Sn)MDP complexes.

In all cases the pH of the reaction mixture and eluent was 3.0. Column : 70 x

1.0 cm Biogel P4.

Experiment number 15 16 17 18 19 20 21

Reaction mixture and Eluenc

MDP (H) 5.10""4 5.10"3 10"2 5.10'2 5.10"3 10"2 5.10"2

Sndl) [M] 10~4 10~4 10~4 10"4 10~3 10~3 10~3

Elution volume of I 21.6 22.2 22.9

peak maximum III 38.4 36.6 36.0 34.1 37.1 36.5 34.1

[mL] V 45.7 41.7 39.7 36.0 43.0 42.4 39.2

Area under peak I I 1 1

[%]* III 18 49 53 63 46 53 73

V 35 38 30 33 47 35 23

Recovery [%)* 57 93 89 100 97 92 100

» Complex* 69 95 92 96 97 97 98

* Expressed as a percentage of applied counts

# Determined by means of thin layer and paper chromatography

Influence of Sn(II) and MDP concentration

The influence of the ligand and Sn(II) concentrations on the

formation of different complexes was examined at pH 3, because in

that case two complexes (complexes III and V) were formed. Four

levels of MDP and two levels of Sn(Il) were used. The

experimental conditions and results are shown in Table 4.

It can be seen that the ligand concentration has a

significant effect. When the concentration is lowered, the amount

of complex III is decreased. However, it appeared to be

impossible to obtain one component in a pure form. At the lowest
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ligand and tin concentrations (experiment 21) less complex is

formed, viz., only 69 %, and it decomposes partly on the column,

giving only 57 % recovery. A similar shift in the composition of

the reaction mixture as a function of ligand concentration was

found by Sundrehagen and Nakken for Tc(Sn)-complexes with 2-

thiocarboxylates (20). Also for 99mTc(Sn)pyrophosphate similar

results were found, except one component could be isolated in a

pure form.

The Sn(Il) concentration has little effect on the formation

of the two complexes. The only effect was the appearance of a

small amount of radioactivity in the "void volume" of the column

at the lower Sn(II) level.

Conclusions

MDP can be labeled with an efficiency of over 95 % under the

following conditions : Sn(ll) concentration > 10 M, MDP

concentration > 5.10~3 M and pH 2 - 9.

Six different complexes are found, but a reaction mixture

contains maximally two major complexes. The nature of the

complexes is primarily determined by the pH of the reaction

mixture. The influence of the MDP concentration is also

significant, while the Sn(II) concentration has almost no effect.

A comparison of the results obtained for MDP with those

obtained for pyrophosphate shows a large degree of agreement. The

only differences are :

- the labeling of MDP is high over a larger range of experimental

conditions,

- the complexes of MDP are somewhat more stable,

- the influence of the ligand concentration on the nature of the

complexes is smaller for MDP.
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5. INFLUENCE OF EXPERIMENTAL CON-
DITIONS ON THE LABELING EFFICIEN-
CY AND GEL CHROMATOGRAPHY OF
99mTc(Sn)HMDP

J. Kroesbergen, M.R. Wortelboer, A. Rijnsent, W.J. Gelsema, and

C.L. de Ligny

Summary

The preparation of "Bi^ (Sn)HMDP was investigated as a

function of pH, Sn(ll) and ligand concentration. HMDP could be

labeled efficiently from pH 2 - 9. The Sn(II) and the ligand

concentrations had a beneficial influence.

The composition of the radiopharmaceutical under various

experimental conditions was studied by means of gel

chromatography on Biogel P-4. Six different complexes were found.

A preparation consisted of maximally three major complexes. The

presence of a particular complex was mainly determined by pH and

ligand concentration. The Sn(ll) concentration had little

influence.

submitted to the Int. J. Nucl. Med. Biol.
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Introduction

Recently the new bone scanning agent Tc(Sn)-

hydroxymethylene diphosphonate (HMDP) has been introduced (1

4). The first clinical evaluations have shown that the bone

imaging capabilities are at least equal to those of Tc(Sn)MDP

and lnTc{Sn)EHDP (1, 5 - 8 ) . From a chemical viewpoint it is an

interesting aspect that the difference with MDP is the

substitution of a H-atom by an OH-group on the C-atotn. Evidence

has been presented that the presence of such an OH-group enhances

the calcium affinity of diphosphonate complexes and perhaps also

the uptake by bone (9).

To our knowledge no detailed investigation of the

preparation and composition of Tc(Sn)HMDP has been published.

We have decided to study these aspects and to compare them with

previously described results for 99mTc(Sn)MDP (10), 99mTc(Sn)EHDP

(11, 12) and 99mTc(Sn)pyrophosphate (13).

Firstly the labeling of HMDP was investigated as a function

of pH, Sn(II) concentration and HMDP concentration. As method of

analysis thin layer and paper chroniatography was used.

Secondly the composition of the bone scanning agent was

studied by means of gel chromatography. After a brief study of

the influence of eluent on the separation, it was decided to use

an eluent identical with the reaction mixture with the exception

of the absence of pertechnetate. In this way the composition was

investigated as a function of pH, Sn(II) concentration and ligand

concentration.

Experimental

Chemicals, Apparatus

The disodium salt of HMDP was a generous gift of Byk-

Mallinckrodt CILB.V., Petten, The Netherlands. SnCl2-2 H,0,
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NaCl, HCl, NaOH, KBrO3 and acetone (Baker Analyzed Reagent) (J.T.

Baker Chemicals N.V., Deventer, The Netherlands). 99mTc-generator

(250 mCi Ultratechnekow FM) (Byk-Mallinckrodt CIL B.V., Petten,

The Netherlands). Bio-Gel P-4, 200 - 400 mesh (Bio Rad

Laboratories, Richmond, U.S.A.). Chromatography paper (Whatman

No. 1) and DC-Alufolien Cellulose (E. Merck, Darmstadt, West

Germany).

Chromatography columns (C 10/40), flow adapters (AC 10),

laboratory valves (LV 4), gel and eluent reservoir (RC 10) and

polyethylene capillary tubing (Pharmacia Fine Chemicals, Uppsala,

Sweden). Peristaltic pump (Minipuls 2) and fraction collector

(Mini MTDC) (Gilson, Villiers-le-Bel, France). Two-channel, well

type Nal(Tl)-detector counting system (Gamma 8000) (Beckman

Instruments, Irvine, U.S.A.).

Preparation of reagents

A stock solution of 4.10~2 M SnCl2.2H2O was prepared weekly

in N2~purged 2 M HCl. A few grains of tin metal were added to

prevent oxidation. Solutions of appropriate concentrations were

made daily by diluting this stock solution with physiological

saline. Stock solutions of HMDP were made in N2~purged

bidistilled water.

Preparation of the radiopharmaceutical and chromatography

1 OIL of a Sn(II) solution was added to 1 mL of a HMDP

solution and the pH was adjusted. Then two millilitres of the

""TC generator eluate (10 - 20 MBeq) were added. If necessary,

the pH was adjusted again. The reaction mixture was allowed to

stand for 15 minutes under nitrogen.

The labeling efficiency was determined by means of thin

layer and paper chromatography according to the slightly modified

method of Zimmer and Pavel (14) as described previously (13).

The pretreatment of the gel (Biogel P-4) and the packing of
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the column were performed as recommended by the manufacturer

(15). The column dimensions were 73 x 1.0 cm. The compositions of

the eluents are shown in Tables 3 - 5 .

About 0.5 mL of the reaction mixture was applied onto the

column and eluted with the appropriate eluent. The flow rate was

5 mL h"1. The eluate was collected in fractions of 0.5 mL and the

radioactivity was counted in a Gamma 8000 detector system.

Results and discussion

Labeling efficiency of 99mTc(Sn)HMDP

ThR experimental conditions and results are shown in Table

1. No pertechnetate was found in any of the preparations.

The pH has no influence on the labeling yield over the

range pH 2 - 9. An increase of the Sn(il) concentration or of the

ligand concentration has a beneficial effect on the labeling

yield by decreasing the amount of reduced hydrolyzed technetium.

In the literature (1, 3) it has been found that HMDP is

efficiently labeled with labeling percentages of over 95 %. In

most of our experiments somewhat lower percentages were obtained.

Recently the Society of Nuclear Medicine has recommended to cut

the thin layer strip, which is developed with physiological

saline, at a R^ value of 0.25 (16). In our experiments the strips

were cut at Rf = 0.5, so one might argue that the labeling

yields shown in Table 1 are an underestimation. However, a few

control experiments showed that cutting the strips at R~ = 0,25

resulted in maximally a 2 percent increase of the labeling yield.

When these results are compared with those obtained for the

other diphosphonates EHDP (11) and MOP (10), it can be seen that

all ligands are efficiently labeled over a broad pH range. In all

cases also a beneficial Sn(ll) effect is seen, while the ligand

concentration has little influence. The labeling yields for HMDP

are somewhat lower than those we found for EHDP (11) and MDP

(12).
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Table 1. Influence of experimental conditions on the labeling

efficiency of 99mTc(SnlHMDP, determined by means of thin layer and

paper chromatography.

The thin layer and paper strips were cut at Rj = 0.5. In all cases the

pertechnetate level was below 1 %.

Experimental conditions

HMDP cone. Sn(II) cone. pH

[M] [Ml

Labeling efficiency

1 x 10-3

5 x 10-3

1 x 10-2

5 x 10-2

1 x 10-3

5 x 10-3

1 X 10-2

5 X 10-2

1 X 10"4

1 X 10-4

1 x 10-4

1 x 10-4

1 x 10-3

1 x 10-3

1 X 10-3

1 x 10-3

80.6

79.9

74.5

90.2

85.5

90.7

91.3

97.0

1 X 10~2

1 X 10"2

1 x 10~2

1 X 10"2

1 x 10"2

1 x 10"2

1 X 10"2

1 x 10~2

1 x 10-3

1 x 10-3

1 x 10-3

1 x 10-3

1 X 10-3

1 x 10-3

1 x 10-3

1 x 10-3

89.5

86.8

87.1

91.3

86.6

89.6

88.8

90.4
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(A serious problem was encountered at the s tar t of this

investigation (early 1984). The f i rs t batch of HMDP resulted in

very high amounts of reduced hydrolyzed technetium. Labeling

yields of 50 - 70 percent were common. However, with subsequently

obtained batches much higher labeling yields were obtained. All

experiments d scribed in this article were performed with these

later batche )

Influence of eluent on the gel chromatogram

The influence of the eluent was investigated at pH 7. The

results are shown in Table 2. The chromatograms are shown in

Figure 1. When the column is eluted with physiological saline

three peaks are found, the last of which shows much tailing (Fig.

1A). A large part (40 %) of the applied activity remains on the

column. When HMDP is added to the eluent no tail ing occurs and

the third peak disappears. A much higher recovery of

radioactivity is obtained. When the column is eluted with

physiological saline containing both Sn(II) and ligand only one

peak is seen.

These results clearly indicate that the composition of the

eluent has a large influence on the chromatogram. The same result

has been found for complexes with EHDP(17), pyrophosphate (13)

and MDP (10). In order to avoid artefacts due to part ial

decomposition in the column, i t was decided to use an eluent

identical with the reaction mixture to be analysed (except for

pertechnetate). This has been discussed in detail in a previous

paper (13).

Influence of pH on the gel chromatogram

The influence of pH was investigated at constant Sn(Il)

[10~3 M] and HMDP [10~2 M] concentrations. The results are shown

in Table 3. figure 2 shows chromatograms obtained at pH 3, 5 and

7. Altogether five different complexes are found. Under acid

74



Table 2. Influence of eluent on the gel chromatogram of

99mTc(Sn)HMDP.

Column 74 x 1.0 cm Biogel P-4. Reaction mixture : 10~2 M HMDP +

10"3 M Sn(II) + 99rnTc04~, pH 7

Experiment number 1+ 2 3

Eluent

HMDP [M] - I0"2 1O"2

Sn(II) [M] - - 1O~3

Elution volume of II 34.0 33.6 33.6

peak maximum III 37.9 35.6

II

III

IV

II

III

IV

34

37

45

45

12

2

.0

.9

.0

Area under peak II 45 26 89

[%]* III 12 51

Recovery [%] 62 81 91

% Complex* 89 78 84

+ Physiological saline was used as the eluent

++ See Table 3 for complexes V and VI and Table 4 for complex I

* Expressed as a percentage of applied counts

# Determined by means of thin layer and paper chromatography
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99mTc

radio-
activity

99m T

radio-
activity .

99mTc

radio-
activity

[A]

30 35 40 45 50 55
elution volume [mlT] —

[B]

30 35 40 45 50 55
elution volume [mL]

[C]

30 35 40 45 50 55
. . . elution volume [ml] —

Figure 1. Influence of eluent on the gel chromatogram of
99nlTc(Sn)HMDP.

Column

O"3
10"2 M HMDP +73 x 1.0 cm Biogel P-4. Reaction mixture

10" J M Sn(II) + 99lnTc04", pH 7.0. Eluent : Physiological saline

(A), 10~2 M HMDP in physiological saline (B), and 10~2 M HMDP +

10"3 M Sn(II) in physiological saline (C). In all cases the pH of

the eluent was 7.
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conditions the reaction mixture consists of two or three major

complexes. Under neutral or alkaline conditions one major complex

is found. Between pH 4 and 7 a shift is seen in the elution

volume of the complexes. The elution volume of the complexes

formed at alkaline pH is lower than that of the complexes formed

at acid pH.

It is clear that pK is an important factor in the formation

of different 99mTc(Sn)HMDP complexes. The same has been found for

the other bone scanning agents. Under acid conditions

preparations of EHDP (12) and HMDP consist of three different

complexes, while preparations of pyrophospate (13) and MDP (10)

show two major complexes. Under alkaline conditions one major

complex is found with all ligands.

In a previous paper (10) where the preparation of

^""TcfSnjMDP and 99mTc (£-•; nyrophosphate was compared, it was

shown that a relation exists between the chromatographic

behaviour of the complexes and the protonation of the ligand. The

pKn-values for HMDP (pKn = -log [H
+] [H^jL] [H^]"1) are 10.6

(p^), 7.0 (pK2) and 2.7 (pK3) (18). These pK values are about

the same as those found for MDP with the exception of pK2 which

is 7.5 for MJP (19). For pyrophosphate lower pK values are found

(19). A shift in the retention volumes at pH 5 - 7 has been found

for all three ligands. This shift occurs for 99mTc(Sn)HMDP at an

intermediate pH value in comparison with "VcfSnJMDP (10) and
99mTc(Sn)pyrophosphate. This is in agreement with the above

mentioned relation.

A possible cause of the shift in the retention volumes is

described below. For the separation of phosphates and

phosphonates on Sephadex and Biogel gels, Ujimoto et al. (20)

have shown that the elution volume decreases at increasing pH

values of the eluent. As the principal cause was given the ion

exclusion of the anions from the gels that bear a small negative

charge at high pH. We have found the same phenomenon for free

77



CD Table 3- Influence of pH on the formation of different 99mTc(Sn)HHDP complexes.

In a l l cases the react ion mixture consisted of 10 H HHDP * 10" M Sn (III +

99mTcO^-> T h e e i u e n t w a s identical with the reaction mixture- Column : 73 x 1.0

cm Biogel P-4.

Experiment

PH

Elution volume of II

peak maximum III

ItnL]s IV 41

46

49

.8

.0

.4

3f.

41

46

50

.9

.6

.0

•'•4.

39

46

51

.3

.3

.3

32.0

35.3

39.6

33

36

.2

.7

8 .0 9 . 0

33.6 32.8 32.6

Area

[%J*

under peak II

111

IV 11

27

43

28

13

42

40

53

2

75

24

75

11

Recovery [%]

« Complex"

S If the e l u t i o n volume is i t a l i c i z e d a shoulder was found, which could not

be quanti tated

• Expressed as a percentage of applied counts

# Determined by weans of thin layer and pappr chroniat oqraphy



99mTc

radio-
activity .

99mTc
radio-

activity

V/-

99mTc
radio-

act ivity

30 35 40 45 50 55
elution volume [ml] —

[B]

30 35 40 45 50 55
elution volume [mL]

[C]

30 35 40 45 50 55
elution volume [mLJ *•

Figure 2. Chroraatography of 99mTc(Sn)HMDP as a function of pH.

Column : 73 x 1.0 cm Biogel P-4. Composition of react ion mixture

and eluent : 10~2 M HMDP + 10~3 M Sn( I I ) , pH 3 (A), pH 5 (B), and

pH 7 (C).
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pyrophosphate (21).

In our case this would imply that complex II (which is

formed at pH 6 and higher) is identical with complex III (which

is formed at pH 5.5) and with complex IV (at pH 3 - 5 ) .

However, it cannot be excluded that complexes I to VI do

represent different complexes- In favor of this hypothesis is the

fact that shoulders at the same elution volumes are found at

other pH values. Further, using a different analytical system it

has been shown for 'm^TcMDP that pH is a major factor in

determining which complex is formed (9). However, too little is

known on the nature of the different complexes to draw a

conclusion.

Influence of Sn(II) and HMDP concentrations on the gel

chromatogram

The influenc • of the Sn(II) and HMDP concentrations on the

formation of different complexes was investigated at pH 5. The

experimental conditions and results are shown in Table 4. Figure

3 shows a few chromatograms.

Four different complexes are found. The ligand concentration

has a significant effect on the formation of a particular

complex. When the concentration is lowered less of complex III is

formed. At the lowest concentration complexes IV and VI become

the predominant complexes. The Sn(II) concentration has little

influence. Only a small peak (accounting for less than 1 % of the

applied ac ivity) is seen eluting in the void volume at the lower

Sn(II) concentration. The low recovery of radioactivity when

equal amounts of Sn(II) and HMDP are used, is remarkable. It has

been shown (11) that the ligand has to be present in a moderate

excess over Sn(II) to achieve a high label' g yield.

When these results are compared with those of the other bone

scanning agents (10, 12, 13), it appears that all behave

qualitatively in the same way. The main difference is that 9gmTc-
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Table A. Influence of Sn(ll) and HHDP concentrat ion on the forma t i on of

different 99mTc(SntHMDP complexes.

in a l l cases the pH of the reac t ion mixture was 5. The eluent was iden t ica l with

the reaction mixture. Column : ?.3 x 1.0 cm Biogel P-4.

Experiment

H M D P [ H I 5.10"^ 2.10~^ 1Q~A

S n l l l l [MJ 10" 3 10" 3 10" ' 10

-3

32

37

.6

.0

34.

38.

41.

e
3

7

34

39

46

51

.8

.3

.3

3

41.

47.

50.

5

6

2

38.9

43.7

51.0

20.8

35.8

38.2

41.1

18.

34.

39.

43.

49.

8

6

3

1

1

31.

. - • .

41.

45.

48.

2

9

6

5

20.

41.

46.

48.

0

6

2

2

35

42

18

1 4

33

46

Elut ion volume of I

peak maximum I I I

Area under peak I

[%]* HI

IV 18 27 40 42 8 42 33 39 37

U

Recovery [%] 100 99 101 94 57 99

I Complex* 97 94 95 9! 86 90

S If the elution volume is italicized a shoulder was found, which could not

be quantitated

* Expressed as a percentage cf .pplied counts

# Determined by means of thin layer and paper chromatography

55

27

19

4

40

53

2

42

10

35

8

16

32



99mTc

radio-
activity

99mTc

radio-
activity

99 mTc
radio-

activity

M

30 35 ~50~40 45 50 55

elution volume [mL] —

[B]

30 35 40 45 50 55
elution volume [mL] —

[C]

30 35 40 45 50 55
elution volume [mL] »•

Figure 3. Chromatography of 99lnTc(Sn)HMDP as a function of ligand

concentration.

Column : 73 x 1.0 cm Biogel P-4. Reaction mixture and eluent :

10"4 M Sn(II) + 5.1O"2 M (A), 10"2 M (B), and 5.10~4 M (C) HMDP.

The pH was 5 in all casoa.
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(Sn)EHDP and ""TctSnjHMDP are composed of more complexes than
99mTc(Sn)MDP and 99mTc(Sn)pyrophosphate.

Only complex III can be obtained in a pure form by using a

high ligand and a low Sn(II) concentration. In all other cases

the radiopharmaceutical consists of a mixture of complexes. It

has been shown that high amounts of ligand may cause an elevated

liver uptake (2). This might implicate that the presence of

complex III may be disadvantageous for bone scanning purposes.

Conclusions

HMDP can be efficiently labeled under the following

conditions: Sn(II) concentrations j> 10 M, HMDP concentration _>

5.1O"3 M and pH 2 - 9.

Gel chromatography showed that at most six different

complexes can be present in the radiopharmaceutical. A reaction

mixture consists of maximally three major complexes. The

formation of a particular complex is mainly determined by the pH

of the preparation. The ligand concentration also has a

significant influence, while the Sn(ll) concentration has hardly

any effect.
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6. CHEMICAL CHARACTERIZATION OF
99(m)Tc(Sn)PYROPHOSPHATE COM-
PLEXES BY MEANS OF GEL CHROMA-
TOGRAPHY AND UV-VIS SPECTROSCO-
PY

J. Kroesbergen, A.M.P. Roozen, W.J. Gelsema, and C.L. de Ligny

Summary

QQ

Various reaction mixtures for the preparation of Tc(Sn)-

pyrophosphate were investigated by means of gel chromatography.

All components were radioactively labeled. The most likely

composition of the complexes, which also appear in "no carrier

added" preparations, was determined.

At pH 7 one complex is found with the composition TcPyp^.

Two complexes are found at pH 4 : TcPyp and TcPyp2- Further, at

pH 7 a polymeric technetium compound is found not containing tin

or pyrophosphate.

The labeling efficiency was determined at carrier technetium

levels as a function of the Sn(II) and pyrophosphate

concentrations. A Tc : Sn ratio jC 1 : 2 and a Sn : pyrophosphate

ratio £ 1 : 5 is needed for good complex formation. The UV-VIS
QQ

spectra of Tc(Sn)pyrophosphate have been measured. The

implications of these results are discussed.

submitted to Int. J. Nucl. Med. Biol.
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Introduction

In previous papers we demonstrated that the ""TC bone

scanning agents consist of several complexes (1, 2). By means of

gel chromatography it was found that five different Tc(Sn)-

pyrophosphate complexes could be formed depending on the

experimental conditions (1). In this paper we shall deal with the

chemical characterization of these five complexes.

Until recently very little was known about the chemical

composition of Tc radiopharmaceuticals, but the number of

publications on this subject is rapidly increasing (3 - 5).

Investigation methods that have been used include X-ray

diffraction (5; 6), UV-VIS spectrometry (7 - 9) and gel

chromatography (10).

Publications on the composition of the bone scanning agents
99are rather scarce. Libson et al (6) prepared crystals of TcMDP

by the substitution route and analysed them by means of X-ray

diffraction They found that the complex is a polymer with a Tc -.

MDP ratio of 1 : 1. For " T C E H D P also a ratio of 1 : 1 was found

in aqueous solutions (11). For Tc(Sn)EHDP crystals a Tc : Sn :

P ratio of 1 : 3 : 12 + 4 (11) was found. Van den Brand et al.

(10) investigated the composition of Tc(Sn)EHDP by means of gel

chromatography with radioactively labeled technetium, tin and

EHDP. They found that the following complexes could be present,

dependent on the composition of the reaction mixture : TcEHDP,

TcSnEHDP, TcEHDP2, TcSnEHDP2, and TcSnEHDP3.

All methods of analysis have the disadvantage that high

amounts of technetium have to be used. It is known that addition

of carrier technetium may result in the appearance of new

complexes, compared with "no carrier added" preparations. This

has been shown for " <ln)Tc(NaBH4)MDP (12) and "
 (m)Tc(NaBH4)EHDP

(13 14).

We have used gel chromatography on Biogel P-4 with all

components radioactively labeled to study the composition of



Tc(Sn)pyrophosphate complexes. In this way the presence or

absence of a particular species in a mixture can be investigated

and the peaks that appear in both the "carrier added" and the "no

carrier added" preparations can be selected for further

investigation. The experiments have been performed at pH 4 and pH

7, because at these pH values the major 99mTc(Sn)pyrophosphate

complexes were found (1).

A number of publications (6, 15, 16) have appeared in which

the reduction of technetium under carrier conditions in the

presence of phosphates has been described, but the aim of these

studies was only to determine the valence of technetlum in the

reduced state. To our knowledge only one study (17) has appeared

in which the amount of complex that was formed has been

investigated as a function of the Sn(II) concentration. The aim

of that study was to determine the amounts of "usable tin"

present in commercial kits. We have studied the complex

formation at a technetium concentration of 10~ M as a function

of the Sn(II) and pyrophosphate concentrations. As method of

analysis we used thin layer and paper chromatography. The results

were compared with the gel chromatographic results obtained under

equal conditions. Finally some preparations were also

investigated by means of UV-VIS spectrophotometry.

Experimental

Chemicals, Apparatus

Na4P2o?.10 H20, SnCl2 2 H2O, NaCl HCl, NaOH, KBrO3 and

acetone(Baker Analyzed Reagent) (J.T. Baker Chemicals N.V.,

Deventer, The Netherlands). NH4
99TcO4,

 113SnCl4,
 32P-Na4P2O7

(Amersham International pic, Amersham. United Kingdom) Aquasol

(New England Nuclear, Dreieich, West Germany). 99mTc-generator

(250 mCi Ultratechnecow FM) (Byk-Mallinckrodt CIL B.V. Petten,

The Netherlands). Bio-Gel P-4, 200 - 400 mesh (Bio Rad

Laboratories, Richmond U.S.A.). Chromatography paper (Whatman
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No. 1) and DC-Alufolien (E. Merck, Darmstadt/ West Germany).

Chromatography columns (K16/70), flow adapters (A16),

laboratory valves (LV 4) and gel and eluent reservoir (R15/16)

(Pharmacia Fine Chemicals, Uppsala, Sweden). Peristaltic pump

(Microperpex), fraction collector (Redirac, Superrac) and

capillary tubing (L.K.B., Bromma, Sweden). Two-channel, well type

Nal(Tl)-detector counting system (Gamma 8000) (Beckman

Instruments, Irvine, U.S.A.). Liquid scintillation counting

system (Minaxi Tri-Carb 4430) (Packard Instrument Company Inc.,

Downers Grove, U.S.A.). UV-VIS spectrophotometer (Shimadzu MPS-

50L) (Shimadzu Seisakusho Ltd., Kyoto, Japan).

Reagents

A stock solution of 4.10"2 M Sncl2.2 H2O in 2 M HC1 was

prepared weekly. Solutions of appropriate concentrations were

made daily by diluting the stock solution with physiological

saline. Stock solutions of pyrophosphate were made in bidistilled

water. The NH4 TcO,j solution was diluted with bidistilled water

to a concentration of 4.10 M. The solid P-pyrophosphate was

dissolved in bidistilled water, and the SnCl^ solution was

diluted with 2 M HC1. Oxygen was excluded by purging all

solutions with nitrogen gas.

Preparation of Tc(Sn)pyrophosphate complexes

One mL of a tin(II) solution was added to one niL of a

pyrophosphate solution. 200/uL of P-pyrophosphate and 200 /UL of

SnCl4 were added. After 10 minutes (to allow the isotopic

exchange between Sn(IV) and Sn(Il) to occur) the pH was adjusted

to about pH 4 or 7 and 100 /uL of 4.10"3 M 99Tc04" and 1.5 mL of

the "mTc-generator eluate were added. After final pH adjustment

(if necessary) the solution was allowed to stand for 15 minutes.

During the whole procedure the reaction mixture was purged with

nitrogen. All preparations were analysed by means of thin layer

chromatography.
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Chromatography

The pretreatment of the Biogel P-4 gel and the packing of

the column (60 x 1.6 cm) were performed as recommended by the

manufacturer (18). The eluents had the same Sn(II) and

pyrophosphate concentrations and the same pH as the reaction

mixtures for reasons given in a previous paper (1). An aliquot of

0.5 mL of the reaction mixture was applied to the column and

eluted at a flow rate of 18 mL h . The eluate was collected in

fractions of 1 mL.

The technetium-99m activity was counted immediately in a

Nal(Tl) scintillation system. The tin-113 activity was

determined a few days later by measuring the indium-113m

activity. The phosphorus-32 activity was measured by means of

liquid scintillation counting.

The thin layer and paper chromatography was performed

according to the modification of the method of Zimmer and Pavel

(19) as reported previously (1, 2).

Labeling of 10 M pertechnetate as a function of Sn(ll) _jind.

£yr£phospĥ _tje_c_oncen_tration &t_ pH 4 and 7 and UV-VTS spectrometry

The reaction mixtures were prepared as described above but

no radioactive pyrophosphate and tin were added. After an

incubation time of 15 minutes the preparations were analysed by

means of thin layer and paper chromatography.

All the preparations were also analysed by means of UV-VIS

spectrophotometry. Absorption scans were made in 1.0 cm quartz

cuvettes over the range 210 - 740 ran with air as the reference.

The reaction mixtures were analysed within one hour after

preparation.
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Results and discussion

Gel chromatography of complexes prepared at pH 7

First the influence of the addition of carrier technetium

was studied. Reaction mixtures containing 10 M pyrophosphate,

10~3 M Sn(II), and 10~10 - 10~4 M 99(m)TcO4~ were chromatographed

on a Biogel P-4 column and the Tc-99m activity was counted. In

all cases one complex was found. The elution volume corresponded

to complex II, described in our previous article (1). As

technetium concentrations up to 10"4 M did not have any influence

on the chromatogram, this concentration was used in the following

experiments.

The experimental conditions and results are shown in Table

1. When a shoulder was found, the peak area was approximated. The

amount of eluted radioactivity was over 80 percent of the

applied amount in all cases.

Figure 1 shows the Tc-99m, Sn-113 and P-32 chromatograms of

a reaction mixture containing 10 M pyrophosphate, 10 M Sn(II)

and 10 M TcO4~ (Exp. 1). The Tc, Sn and P chromatograms all

show one main peak while the P chromatogram also shows a small

peak eluting just prior to the main peak. Because of the overlap

of peaks it could not be established how much tin and

pyrophosphate coeluted with technetium. So a reaction mixture

containing the same amounts of Sn(II) and pyrophosphate but

without pertechnetate was also chromatographed (Exp. 2). Figure 2

shows a comparison of the relevant parts of the chromatograms of

experiments 1 and 2. In this figure at the y-axis the amounts are

plotted that axe present, when 1 mL of the reaction mixture has

been applied. In view of the similarity of both Sn-peaks this

technetium complex probably does not contain tin. The area of the

small P-peak decreased when pertechnetate was omitted. The

experiments wore repeated several times to establish the Tc :

pyrophosphate ratio, which appeared to be approximately 1 : 2 .
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Table 1. Gel chromatographic analysis of complexes prepared at pH 7.

Column dimensions 60 x 1.6 cm Biogel P-4- The concentrations shown are the concentrations present in the reaction

mixture. The eluent contained the same concentrations of Sn(II) and pyrophosphate as the reaction mixture to be

analysed. The labeling efficiency was determined by means of thin layer and paper chromatography.

Peak B

Exp. Component Concentration Elution volume in mL Amount in nraoles per mL reaction mixture Labeling

TC

Sn

Pyp

Sn

pyp

TC

Sn

Pyp

Sn

pyp

Tc

Sn

Pyp

1.10 -

1.10"3

1.10"2

1.10"3

1.10"2

1.10"4

2.10-4

1.10"3

2.10-4

1.10"3

-10"10

2.10"4

1.10"3

67

64

64

64

63

60

62

60

62

60

73

67

102

101

93

990

350

990

130

25

185

45

190

10

9640

9850

940

970

10

10

Complex 95 %

TcO,

TcO4"

Complex 12 %

TcO2 6 %

TcO." 82 %

Complex 47 %

TcO2 52 %

TcO." 1 %

ID
In this experiment only technetium was radioactively labeled.
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Figure 1. Gel chromatogram of "'m^Tc(Sn)pyrophosphate complexes

prepared at pH 7.

Reaction mixture : 10~2
 M pyr0phosphate + 10~

3 M Sn(II) + 10"4 M

9 9 T C O 4 (Exp. 1, Table 1). Column dimensions 60 x 1.6 cm Biogel p-

4. (A) Tc-99m distribution, (B) P-32 distribution and (C) Sn-113

distribution.
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n moles
mL-1

reaction
mixture

12-

8-

50

64-

48-

32-

16-

[Aj

99 mTc

70
elution volume-

[B]

32 p

113Sn

50

Figure 2. Comparison of gel chromatograms in the absence and

presence of pertechnetate, at pH 7.

Reaction mixture : 1O~2 M pyrophosphate + 10~3 M Sn(II) (+ 10"4 M

TcO^) (Exps. 1 and 2, Table 1). Column dimensions 60 x 1.6 cm

Biogel P-4. (A) Tc-99m distribution, (B) P-32 distribution and

(C) Sn-113 distribution.

Tc(Sn)Pyrophosphate, - - - - Sn-Pyrophosphate
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Figure 3. Influence of carrier technetium on the gel chromatogram

of 'm'Tc(Sn)pyrophoaphate complexes prepared at pH 7.

Reaction mixture 1x10 M pyrophosphate + 2x10" M Sn(II).
on

Column dimensions 60 x 1.6 cm Biogel P-4. (A) 10 M

(Exp. 3, Table 1) and (B) " 10"10 M 99mTc0d added (Exp. 5)

TcO4 added

The large excess of Sn(II) and pyrophosphate makes it

difficult to determine the composition of the Tc(Sn)pyrophosphate

complex. Therefore the reaction mixture was prepared with smaller

amounts of Sn(II) and pyrophosphate. However, the Tc

chromatograms became seriously distorted (Figure 3A). The main

part of radioactivity eluted just after the void volume and

contained neither tin nor pyrophosphate. Because the exclusion

limit of Biogel P-4 is about 4000 (18), we suppose that this is a

polymer. The shape of the peak suggests that complexes are

present with varying degrees of polymerization. Another cause of

the serious tailing is probably that the 82 % TcO^~ in the sample

is slowly reduced by the Sn(II) in the eluent during

chromatography.

A comparison of experiments 3 and 4 shows that the shoulder

appearing at the elution volume of peak B has a Tc :

pyrophosphate ratio of about 1 : 1 - 2 . The presence of tin is

unlikely.
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The distortion of the Tc-chromatograms must be associated

with the high technetiutn concentration as can be seen from

experiment 5 (Figure 3B). When carrier technetium is omitted peak

B is found again. So species A is not important in nuclear

medicine where preparations are used that are made without Tc

carrier.

Gel chromatography of complexes prepared at pH 4

The influence of the addition of carrier technetium was

investigated at 10 ^ M pyrophosphate and 10 M Sn(II), as for pH

7. Two complexes were found, independently of the technetium

concentration, corresponding to complexes III and V (1). In

further experiments a concentration of 10 M ^m'Tc0^~ was

used.

The experimental conditions and results of the gel

chromatographic experiments are shown in Table 2. A typical

chromatogram (Tc-99m, Sn-113, P-32) is shown in Figure 4. The y-

axis again shows the amounts in nmoles present per mL of reaction

mixture.

In Figure 4 it can be seen that at pH 4 it is difficult to

determine the composition of the complexes because of peak

overlap.

Peak E is only found at the highest Sn(ll) and ligand

concentrations. It corresponds with complex III of the no carrier

added preparation. A Tc : ligand ratio is found of about 1 : 6 .

However, if one takes into consideration the amount of

pyrophosphate that is found in experiment 7 at position E

(presumably bound to Sn) a Tc : ligand ratio of 1 : 2 is

obtained. The presence of tin is unlikely because in experiment

7 (where the Sn(II) concentration was 50 % of the one in

experiment 6} the amount of Sn in peak E was nearly half the one

found in experiment 6. In other words, the 65 nmoles of
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n moles
mL.-'

reaction
mixture 2-

700 •]

500-

300-

100-
20
15-

10-

5-

40-

30-

20-

10- Sn

60 100 120

Figure 4. Gel chromatogram of " ^'TC(Sn)pyrophosphate complexes

prepared at pH 4.

Reaction mixture : 5xlO~3 M pyrophosphate + 5xlO"4 M Sn(Ii) + 10~
4 99

M TcO4 (Exp. 7, Table 2). Column dimensions 60 x 1.6 cm

Biogel P-4. (A) Tc-99m distribution, (B) P-32 distribution and

(C) Sn-113 distribution.
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technetium in peak E in experiment 6 correspond with 970 - 940 =

30 nmoles of Sn. This small difference is not significantly

different from zero.

Peak F - which coincides with comjiex V of the mTc(Sn)-

pyrophosphate preparation - appears in all preparations. This

peak contains probably no tin either. A comparison of experiments

8 and 9 makes this clear. Furthermore, in Figure 4 the Sn : Tc

ratio at an elution volume of 95 mL is only 1 : 6. The amount of

ligand could not be determined because the free pyrophosphate

peak coincides with the technetium peak.

Peak G becomes the predominant peak at low tin and ligand

concentrations. A composition was found of Tc : Sn : Pyp = 1 : 0

: 1. In peak H and J only the presence of technetium could be

established. The peaks showed much tailing.

Probable composition of Tc(Sn)pyrophosphate complexes

Table 3 summarizes the Tc : Sn : P ratios found. It is also

shown which peaks are present in no carrier added preparations.

Before assigning a composition to the complexes some possible

complications have to be taken into consideration.

The main problem that may occur is the exchange of

radioactive pyrophosphate and tin during chromatography with non-

radioactive ligand and tin in the eluent. This would imply that

the obtained Tc : Sn and Tc : P ratios are minimal values.

However, we do not believe that this has occurred to a large

extent in our experiments. There are two reasons for this

opinion. Firstly at pH 4 the pyrophosphate concentration of the

reaction mixture and eluent was decreased tenfold while

maintaining the technetium concentration in the reaction mixture

constant (Exps. 6 and 12). The obtained Tc : P ratio for peak G

remained about 1 : 1. Secondly at pH 7 the reaction mixture of

experiment 1 (10~3 M Sn(ll) + 10~2 M pyrophosphate) was also
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Table 3. Likely composition of Tc(Sn)pyrophosphate complexes

Peak

A

B

E

F

G

H

J

Tc

1

1

1

1

1

1

1

: Sn : P

: 0

: 0

• 0

0

0

0

0

: 0

• 2

2

?

1

0

0

Corresponding

to complex (1)

I

II

III

V

Probable

composition

Tc-polymer

TcPyp2

TcPyp2

TcPyp

TcPyp

eluted with an eluent diluted twofold, fivefold and tenfold with

physiological saline. No changes were observed in the Tc : P

ratio.

The pH of the eluent influences the elution volume of free

pyrophosphate. A similar decrease of elution volume with

increasing pH of the eluent was found by Ujimoto et al. (21) for

phosphates and phosphonates on Biogel and Sephadex. The principal

cause is probably ion exclusion of the anions from the gel matrix

that bears a small negative charge. As a consequence the elution

volume is not only determined by the molecular weight of the

complexes. So we have to consider the results obtained at pH 4

and pH 7 separately.

In a number of experiments the addition of carrier

technetium leads to the formation of new complexes. The same

observation was made for Tc(NaBH4)MDP (12) and Tc(NaBH.)EHDP

(14). In our experiments also a polymer was found, but contrary

to the results for TcMDP (6) no ligand was present in it.

Sundrehagen (20) has shown that Tc(IV) is able to form polymers
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at high concentrations in the absence of complexing agents.

When it is assumed that under carrier-free conditions one

technetium atom is present in a complex, we can determine the

most probable composition of the complexes. This is shown in the

last column of Table 3. The assignment of the formula TcPyp to

complex V can not be made from the Tc : P ratio, because free

pyrophosphate coincides with peak F. Additional evidence has been

taken into account. We have found under no carrier added

conditions (1) that the relative amounts of complexes III and V

were mainly governed by the ligand concentration. At high ligand

concentrations complex III was mainly present and at low ligand

concentrations complex V.

The proposed compositions of the complexes implicate that

peaks F and G have the same composition. We believe that the

difference between them is the valence state of technetium.

Steigman et al. (7) have shown for Tc-phosphate complexes that

Tc(III) is formed when an excess of Sn(II) over technetium is

present and Tc(IV) is found at low relative Sn(II)

concentrations. This would mean that peak G (the main complex at

the lowest Sn(II) concentrations) is Tc(IV)Pyp and peak F is

Tc(III)Pyp.

Also peaks B and E have the same composition. A possible

cause of the differences in the elution volumes is ion exclusion

as described by Ujimoto et al. (21).

In one of our previous papers we compared the formation of

different complexes as a function of the experimental conditions

for 99mTc(Sn)pyrophosphate and 99mTc(Sn)MDP (2). It was shown

that the results for both radiopharmaceuticals were almost

identical. For this reason we propose that the complexes of

Tc(Sn)MDP have the same Tc : Sn : ligand ratios as the above

mentioned complexes of "Vc(Sn)pyrophosphate. The proposed

compositions are shown in Table 4.
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Table 4. Proposed composition of Tc(Sn)MDP complexes

The composition was determined on the analogy of the results

obtained for 9^mTc(Sn)pyrophosphate. See reference 2 for the

numbering of the peaks.

Complex

II

III

V

Probable

composition

TcMDP2

TcMDP2

TcMDP

Labeling as a function of Sn(Il) and pyrophosphate concentration

The experimental conditions and the results of the thin

layer and paper chromatography are shewn in Table 5.

In some cases the results presented in Table 5 differ from

those presented in Tables 1 and 2. This is caused by the fact

that in the gel chromatographic experiments the Sn(II)

concentration was less scrutinously controlled.

It can be seen that no pertechnetate is left when the Sn(II)

concentration is 2.10" . When the Sn(II) concentration is further

raised at constant pyrophosphate concentration, the amount of

reduced, hydrolyzed technetium increases. However, when the

Sn(II) concentration is raised and the Sn : pyrophoshate ratio is

kept constant at 1 : 10, no decrease in the percentage of complex
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Table 5. Labeling efficiency of 10"4 M technetium as a function of

Sn(II) and pyrophosphate concentration and UV-VIS spectroscopy.

Experimental conditions and results.

The experiments for which no labeling efficiency is given were only

used for UV-VIS spectroscopy. The labeling efficiency was determined by

means of thin layer and paper chromatography.

Concentrations

in reaction mixture [M]

Labeling efficiency [%]

Exp. Tc Sn(II) Pyp Complex TcOj TcO«"

1

2

3 1.0.10"4

4 1.0.1O"4

5 1.0.10"

10

13

0-4

1.0.10"4

1.0.10-4

1.0.10-4

9 1.0.10"4

1.0.10-4

11 1.0.10"4

12 1.0.10"4

1.0.10-4

14 1.0.10"4

15 1.0.10"4

16 1.0.10"4

17 1.0.10"4

18 1.0.10-4

1.0

1.0

1.0

1.5

2.0

3.0

5.0

1.0

3.0

1.0

1.0

1.5

2.0.

3.0

5.0.

1.0.

3.0.

1.0.

-10"3 l.O.lO"2 7.0

.lO"3 1.0.10"3 7.0

.10"4 1.0.10"3 7.4

.10"4 1.0.10"3 6.5

.10"4 1.0.10"3 7.1

.10"4 1.0.10"3 7.0

.10"4 1.0.10"3 6.7

.lO-3 1.0.10"3 7.2

,10"4 3.0.10"3 6.6

,10"3 1.0.10"2 7.2

.10"4 1.0.10"3 4.2

,10"4 1.0.10"3 3.7

10"4 1.0.10"3 4.0

10"4 1.0.10"3 3.5

10"4 1.0.10"3 4.3

1 1.0.10"3 3.6

1 3.0.10"3 4.3

10~3 1.0.10"2 3.9

1

2

62

54

51

46

79

76

2

37

76

68

48

55

72

84

0

2

38

46

49

54

20

23

1

14

24

32

52

45

28

16

99

96

0

0

0

0

1

1

97

49

0

0

0

0

0

0
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is found.

So pyrophosphate has to be present in a moderate excess with

respect to Sn(II) to prevent the formation of reduced, hydrolyzed

technetium. These results are in agreement with the "in vivo"

experiments of Schttmichen et al. (22), who found that a

preparation with a Sn : Pyp ratio of 1 showed a markedly

increased soft tissue uptake and a slightly decreased bone

uptake. For 99nlTc(Sn)EHDP Van den Brand (23) found that a

fivefold excess of ligand was needed. This ratio is also found in

our experiments.

The results at Sn(II) concentrations below 2.10 M indicate

that 15 minutes incubation time may be not enough to allow for

the reduction of pertechnetate. The results of experiments 4 and

12 show that the reduction is pH dependent. The same result has

been obtained by Pinkerton et al. (16).

UV-VIS spectrometry

The experimental conditions are shown in Table 5. A few UV-

VIS spectra obtained at pH 7 are shown in Figure 5, while Figure

6 shows UV-VIS spectra obtained at pH 4.

At pH 7 tin-pyrophosphate showed a sharp increase of

absorption at wavelengths shorter than 250 nm (Fig. 5, Exp. 1).

When a 10~3 M Sn(Ii; solution in physiological saline was

prepared, a cloudy solution was obtained with almost 100 %

absorption over the range 220 - 350 nm.

These results clearly indicate that the presence of

pyrophosphate is needed to avoid the hydrolysis of Sn(ll). From

the fact that the spectra of Exps. 1 and 2 are identical, it

follows that a Sn : pyrophosphate ratio of 1 is sufficient to

prevent hydrolysis.

The UV-VIS spectra of Tc(Sn)pyrophosphate, prepared at pH 7,
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Figure 5. UV-VIS spectra of 99Tc(Sn)pyrophosphate complexes

prepared at pH 7.

(A) Sn(II)-pyrophosphate (Exp. 1) and (B) Tc(Sn)pyrophosphate

(Exp. 10). See Table 5 for experimental conditions.
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Figure 6. UV-VIS spectra of 3Tc(Sn)pyrophosphate complexes

prepared at pH A.

(A) Tc(Sn)pyrophosphate (Exp. 13) and (B) Tc(Sn)pyrophosphate

(Exp. 18). See Table 5 for experimental conditions.

"k
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showed shoulders or peaks at 250 and 380 nm (Figure 5). The

spectra of Tc(Sn)pyrophosphate, prepared at pH 4, showed

shoulders or peaks at 250, 330 and 380 nm (Figure 6). In a

previous section we showed that at pH 7 TcPyp2 is present, and at

pH 4 both TcPyp2 and TcPyp. So it is tempting to ascribe the peak

at 380 nm to TcPyp, and the peak at 330 nm to TcPyp (experiments

10 and 18). However, the spectrum of experiment 13, where the

preparation only consists of TcPyp, has also a shoulder at 380

nm. So the presence or absence of a particular complex cannot be

deduced from the UV-VIS spectrum.
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7. GEL CHROMATOGRAPHIC ANALYSIS
OF THE PLASMA PROTEIN BINDING OF
99(m)Tc(Sn)PYROPHOSPHATEJ
99mTc(Sn)MDP AND 99mTc(Sn)HMDP

J. Kroesbergen, A.M.P. Roozen, M.R.Wortelboer, W.J. Gelsema, and

C.L. de Ligny

Summary

The plasma binding of Tc-complexes of pyrophosphate, MDP and

HMDP was investigated "in vitro" using gel chromatography on

Biogel P-200.

Binding percentages ranging from 5 - 15 % were found. The pH

of the preparation of the radiopharmaceutical had a large effect

on the protein binding. The differences between the three ligands

used were small.

The chemical composition of the complexes was investigated

for Tc(Sn)pyrophosphate using gel chromatography on Biogel P-4.

The protein-bound technetium was not attached to pyrophosphate.

The chemical composition of the unbound Tc-complex is discussed.

Finally a comparison is made with literature data. It is

concluded that protein binding plays a minor role.

will be submitted to Int. J. Nucl. Med. Biol.
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Introduction

In previous papers we described the influence of various

experimental conditions on the labeling efficiency and gel

chromatography of 99mTc(Sn)pyrophosphate (1), 99mTc(Sn)MDP (2)

and 99mTc(Sn)HMDP (3). It was shown that several complexes could

be formed. The pH has proved to be a main factor in determining

which complex is formed ( 1 - 3 , 15). Moreover, it has been shown

that different complexes of a particular bone scanning agent show

different bone uptakes (13, 14). This may be caused by

differences in protein binding. In this paper we therefore deal

with the behaviour of these complexes when they are entering the

bloodstream.

It is well-known that shortly after injection the major part

of the radiopharmaceutical has disappeared from the bloodstream

(4 - 6). As this is only partially due to protein and red blood

cell binding we have studied these processes "in vitro". The red

blood cell labeling was investigated by measuring the

cell/plasma ratio of radioactivity in whole blood. The plasma

protein binding was determined by incubating decreasing amounts

of the bone scanning agents with plasma. This plasma was

subsequently analysed by means of gel chromatography.

The method of analysis has shown to influence the obtained

protein binding percentages strongly (7 - 10). For 99mTc(Sn)pyro-

phosphate it was found that the binding percentages varied from

34 to 97 % depending on the method used (8). A drawback of gel

chromatography is that the complexes may hydrolyse during the

separation (9 - 12). We have found that this problem can be

solved by using an eluent of the same composition as the

radiopharmaceutical (1 - 3). In this investigation we have used

Sn(II) and ligand concentrations equal to the concentrations

present in the bone scanning agent/plasma mixture.

The bone scanning agents were prepared at two pH values.
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The pH of the eluent was in all cases kept constant at pH 7.4,

the pH of blood.

Finally, a few preparations of 9 'm'Tc(Sn)pyrophosphate that

had been prepared using carrier technetium, were analysed. All

components were radioactively labeled. This was done to gain an

insight into the chemical composition of the complexes present in

plasma.

Experimental

Chemicals and apparatus

HMDP was a generous gift of Byk-Mallinckrodt CIL B.V.,

Petten, The Netherlands. Human blood (which had been treated with

citrate) from normal volunteers was obtained through the

Bloedbank, Utrecht, The Netherlands. Na4P2O?.10 H20, SnCl2-2 H2<3,

NaCl, HC1, NaOH, KBrOj and acetone (Baker Analyzed Reagent) (J.T.

Baker Chemicals N.V., Deventer, The Netherlands). MDP (trisodium

salt) (Sigma Chemical Co., St Louis, U.S.A.). NH4
99TcO4,

SnCl4, P-Na4P2C>7 (Amersham International pic, Amersham,

United Kingdom). "^Tc-generator (250 mCi Ultratechnekow FM)

(Byk-Mallinckrodt CIL B.V., Petten, The Netherlands). Bio-Gel P-4

(200 - 400 mesh) and P-200 (200 - 400 mesh) (Bio Rad

Laboratories, Richmond, U.S.A.). Chromatography paper (Whatman

No. 1) and DC-Alufolien (E. Merck, Darmstadt, West Germany).

Chromatography columns (K16/70, CIO/40), flow adapters (A16,

AC10), laboratory valves (LV4), gel and eluent reservoirs

(R15/16, RC10) and capillary tubing (Pharmacia Fine Chemicals,

Uppsala, Sweden). Peristaltic pump (Microperpex), fraction

collectors (Redirac, Superrac) and UV-detector (Uvicord) (L.K.B.,

Bromma, Sweden). Two-channel, well type Nal(Tl)-detector counting

system (Gamma 8000) (Beckman Instruments, Irvine, U.S.A.). Liquid

scintillation counting system (Minaxi Tri-Carb 4430) (Packard

Instrument Company Inc., Downers Grove, U.S.A.).
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Preparation of reaction mixtures

A stock solution of 4.10~2 M SnCl2.2 H2O was prepared

weekly in 2 H HC1. Dilutions were made in physiological saline

daily. Ligand solutions (4.10 M) were made in bidistilled

water. Oxygen was excluded by purging all solutions with nitrogen

gas.

One ml of a 4.1O~3 M Sn(II) solution was added to one ml of

a 4.10 M ligand solution and the pH was adjusted. Then two ml

of ""Tc-generator eluate were added. If necessary, a final

adjustment of pH was made. The preparation was allowed to stand

for 15 minutes. During the whole procedure the

radiopharmaceutical was purged with nitrogen gas. The labeling

efficiency was determined by means of thin layer and paper

chromatography as described previously (1).

Varying amounts of the radiopharmaceutical were added to 2

mL of plasma in a poly-Q scintillation vial. No attempts were

made to exclude oxygen from the plasma. After an incubation time

of 30 minutes the mixture was applied onto the column.

The red blood cell binding was determined by adding 20 or 10

/uL of the radiopharmaceutical to 0.8 mL of packed cells and 1.2

mL of plasma. After 30 minutes of incubation 0.1 mL of the blood

was taken and counted for radioactivity. The remainder was

centrifuged and 0.1 mL of plasma was taken for radioactivity

counting.

All radiopharmaceuticals were made at 2 pH values. ""rc-

pyrophosphate was prepared at pH 7 a

7 and 3 and 99mTc(Sn)HMDP at pH 7 and 5.

(Sn)pyrophosphate was prepared at pH 7 and 4, Tc(Sn)MDP at pH

The experiments in which the chemical composition of the

^Tc(Sn)pyrophosphate complexes was investigated, were

performed as described above. The radiopharmaceutical consisted

of 10 ' M pyrophosphate + 10 J M Sn(II) + 10 M TcO4~, pH 7 or

4. Spikes of P-32 pyrophosphate, Sn-113 and Tc-99m were added.
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Chromatography

The preparation of the gels and the packing of the columns

were performed according to the manufacturer's instructions (16).

The protein binding was determined using Biogel P-200. The
Qg

chemical composition of Tc (Sn)pyrophosphate was investigated

using Biogel P-4. The specific chromatographic conditions are

shown in Tables 1 - 3 and Table 5.

The eluate was collec'::i in 0.5 - 1.0 mL fractions. The Tc-

99m and Sn-113(In-113m) activities were counted in a Nal(Tl)-

scintillation counting system. The P-32 activity was counted by

means of liquid scintillation counting.

Results

The plasma protein binding experiments were performed by

diluting the radiopharmaceuticals twofold to two-hundredfold with

human plasma. The results for mTc(Sn)pyrophosphate, mTc(Sn)-

MDP and 99mTc(Sn)HMDP are shown in Tables 1, 2 and 3,

respectively. Figure 1 shows the chromatograms for the radio-

pharmaceuticals prepared at pH 7 and diluted 1 : 100.

The red blood cell binding was determined using hundredfold

and two-hundredfold dilutions of the radiopharmaceuticals with

whole blood. The binding percentages are shown in Table 4 for all

three bone scanning agents.

The results for "*m'Tc(Sn)pyrophosphate on Biogel P-4 with

all components radioactively labeled (to determine the chemical

composition after incubation with plasma) are shown in Table 5.

No further dilutions than 1 : 10 were used, because otherwise the

activities of P-32 and Sn-113 became too low for an accurate

measurement. Figure 2 shows a typical chromatogram.
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Figure 1. Gel chromatograms of plasma incubated with 99lnTc(Sn)-

pyrophosphate, 99mTc(Sn)MDP and 99mTc(Sn)HMDP on Biogel P-200.

Radiopharmaceuticals : 10"2 M ligand + 10~3 M Sn(II) + 99mTc04,

pH 7. The radiopharmaceuticals were 1 : 100 diluted with human

plasma and were incubated for 30 minutes. The eluent contained

10~4 M ligand and 10"5 M Sn(II), pH 7.4. (A) UV signal (280 run),

(B) 99mTc(Sn)pyrophosphate, (C) 99mTc(Sn)MDP and (D)
99mTc(Sn)HMDP
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Discussion

Plasma protein binding of the Tc-99m bone scanning agents

When Tc(Sn)pyrophosphate is prepared at pH 7 a small part

of the radioactivity is eluted together with the proteins (Peaks

I - IV, Table 1). When the radiopharmaceutical is increasingly

diluted with plasma the percentage of protein-bound technetium

shows a small increase. This fraction does not increase linearly

with the degree of dilution but it levels off at high dilutions.

The amount of radioactivity appearing in the area between the

protein peaks and the free Tc(Sn)pyrophosphate peaks (peak V) has

to be included in the protein bound fraction. The reasons for

this will be explained later. Binding percentages of 5 - 10 % are

found.

At low dilutions free Tc(Sn)pyrophosphate shows one peak

(VII) at a Kav value of 0.8. At higher dilutions two additional

peaks appear (Kav =0.7 and 0.9). The last eluting peak even

becomes the most dominant one at the highest dilutions (Figure

1).

When the radiopharmaceutical is prepared at pH 4 a

significantly higher protein-bound Tc fraction is found. It has

been shown that at this pH two complexes, separable on Biogel P-

4, are formed (1). Here, one single peak of Tc(Sn)pyrophosphate

is seen, which also appears at Kgv = 0.8. This time the two

additional peaks are only faintly seen at the highest dilutions.

Table 2 shows the results obtained with Tc(Sn)MDP. The

radiopharmaceuticals prepared at pH 7 gave very low binding

percentages (3 - 7 % ) . The radiopharmaceuticals prepared at pH 3

show significantly higher values. At both pH values one Tc(Sn)MDP

peak is seen with an additional peak at high dilutions.

The results of Tc(Sn)HMDP, shown in Table 3, follow the same

trend. This time the pH of preparation has no influence on the

protein binding.
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Table 1. Percentage of ^ m T c activity obtained by means of gel chromatography

on Biogel P-200 of ^mTc(Sn|pyrophosphate-plasma mixtures.

Radiopharmaceutical : 10"2 M pyrophosphate + 10~3 M Sn(II) + 9 9 mTc0 4~, pH 7.0

and pH 4.0. The radiopharmaceutical was diluted with various amounts of human

plasma. After 30 minutes incubation the mixture was eluted with an eluent having

the same Sti(II) and ligand concentrations as those in the mixture. The eluent

dilutions were made with physiological saline. The pH of the eluent was in all

cases pH 7.4. Column dimensions : 60 x 1.6 cm. Flow rate 6 mL h"1

Peak I II III IV V+ VI VII V I I I ix

Elution volume [mL] 38 43 50 52 65/85 94 106 114 123

Kav* 0.00 0.06 0.15 0.17 0.68 0.82 0.91 1.03

Absorption at 280 nm yes yes yes yes yes

mTc - activity IS]

Radiopharmaceutical

prepared at. pH 7

dilution 1 : 2 1 2

dilution 1 : 10 1 2

dilution 1 : 20 1 2

dilution 1 : 50 1 4

dilution 1 : 100 1 3

dilution 1 : 200 1 5

Radiopharmaceutical

prepared at pH 4

dilution 1 : 2

dilution 1 : 5

dilution 1 : 10

dilution 1 : 20

dilution 1 : 50

dilution 1 : 100

dilution 1 : 200

1

0

1

1

1

3

Is)*

(s)

(si

96

96

96

14

17

13

79

79

78

4

3

2

2

2

3

8

9

3

6

S

7

7

2

1

0

1

1

1

2

86

87

95

91

89

91

88

Is)

(s)

+ The Tc-activity present in this area may be due to loosely protein bound

technetium which was detached during chromatography.

* Kav = <ve " V ' <vt " V •
I Is) means that a shoulder was found which could not be quantitated.
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Table 2. Percentage of 9 9 mTc activity obtained by means of gel chromatography

on Biogel p-200 of 99mTc(Sn!MDP-plasma mixtures.

Radiopharmaceutical : 10~2 H MDP * 10"3 M Sn(II) + 9 9 mTc0 4~, pH 7.0 and pH 3.0.

The radiopharmaceutical was diluted with various amounts of human plasma. After

30 minutes incubation the mixture was eluted with an eluent having the same

Sn(II) and ligand concentrations as those in the mixture. The eluent dilutions

were .made with physiological saline. The pH of the eluent was in all cases pH

7.4. Column dimensions : 55 x 1.6 cm. Flow rate 7 mL h~*

II III IV VI VII VIII IX

Elution volume [mL]

Kav

Absorption at 280 nm

31 36 43 44 55/85

0.00 0.05 0.15 0.16

yes yes yes yes

98 107 113

0.85 0.96 1.04

yes

99mTc _

Radiopharmaceutical

prepared at pH 7

original'

dilution 1 : 2 0

dilution 1 : 5 1

dilution 1 : 10 1

dilution 1 : 25 1

dilution 1 : 50 1

dilution 1 : 100 2

dilution 1 : 200 3

100

99

96

95

85

80

52

57

10

15

45

35

Radiopharmaceutica 1

prepared at pH 3

original

dilution 1 : 2

dilution 1 : 5

dilution 1 : 10

dilution 1 : 25

dilution 1 : SO

dilution 1 : 100

dilution 1 : 200

i no

98

94

92

89

79

72

55

(si

12

13

31

5 Original radiopharmaceutical. No plasma was added.

t The Tc-activity present in this area may be due to loosely protein bound

technetium which was detached during chromatography.

* *av " lve " V I <vt " V "
t (s| means that a shoulder was found which could not be quantitated.
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Table 3. Percentage of "ymTc act ivity obtained by means of gel chromatography

on Biogel P-200 of 99mTc(Sn)HMDP-plasma mixtures.

Radiopharmaceutical : 10~2 H HMDP + 10"-* H Sn (11) + 99mTc04*", pH 7.0 and pH 5.0.

The radiopharmaceutica1 was diluted wi th various amounts of human p1asroa. After

30 minutes incubation the mixture was eluted with an eluent having thf same

Sn(II) and ligand concentrations as those in the mixture. The eluent dilutions

were made with physiological saline. The pH of the eluent was in all cases pH

7.4. Column dimensions : 71 x 1.0 cm- Flow rate 4 mL h

Peak I II III IV

Eluticm volume [nLJ 16 18 22 23 30,' 45 48 50 53 57

KdV* 0.00 0.05 0.14 0.16 0.80 0.85 0.'J 3 1.03

Absorption at 280 nm yes yes yes yes yea

m T c _ activity

Radiopharmaceutical

prepared at pH 7

original^

dilution 1 : 2 0

dilution 1 : 5 0

dilution 1 : 10 1

dilution 1 : 50 1

dilution 1 : 100 3

dilution 1 : 200 2

Radiopharmaceutical

prepared at pH 5

original^

dilution 1 : 2 0

dilution 1 : 5 1

dilution 1 : 10 1

dilution 1 : 50 1

dilution 1 : 100 2

dilution 1 : 200 2

1

3

3

6

10

7

0

1

1

2

1

1

100

98

96

94

71

67

68

18

17

21

3

3

4

6

7

6

1

1

I

1

1

2

(s)»

(si

(s)

100

94

93

93

90

84

86

l!

I!

31

3)

3>

$ Original radiopharmaceutical. No plasma was added.

+ The Tc-activity present in this area may be due to loosely protein bound

technetium which was detached during chromatography.

* Kav = <ve " V ' 'vt " V "
# (s) means that a shoulder was found which could not be quantitated.
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Table 4. Red blood ce l l binding of Tc-99m bone scanning agents .

20 or 10 /iL of bone scanning agent was incubated during 30 minutes with 0.8 mL

of packed c e l l s and 1.2 mL plasma. The re su l t s are the mean of duplicate

experiments. Radiopharmaceutical : 10"2 M ligand + 10~3 M Sn(II) * 99mTc04~.

Tc(Sn)pyrophosphate

Tc(Sn)pyrophosphate

TclSnIMDP

Tc(Sn)MDP

Tc(Sn)HMDP

Tc[Sn)HMDP

7.0

4.0

7.0

3.0

7.0

5.0

4

7

7

5

6

5

Percentage binding

Radiopharmaceutical pH of preparation 1:100 d i lu t ion 1:200 d i lu t ion

When the results for the three bone scanning agents are

compared, we see the following general trend in protein binding :

Tc(Sn)MDP (pH 7) and Tc(Sn)pyrophosphate (pH 7) < Tc(Sn)HMDP (pH

5 and 7) < Tc(Sn)MDP (pH 3) and Tc(Sn)pyrophosphate (pH 4).

In most cases the protein binding is higher when the radio-

pharmaceutical is prepared at acid pH. There are a few possible

causes for th is . Firstly, the different complexes may have

different affinities for the proteins. Secondly the acidification

of the plasma due to the addition of the radiopharmaceutical may

alter the conformation of the protein. Thirdly a conversion of

the complexes prepared at acid pH may occur when they are brought

to pH 7.4 (the pH of the eluent).

The second cause is very unlikely as i t would implicate a

reduction of the effect at increasing dilutions. This is not seen

in our experiments. Further, lowering of the pH appears to reduce

the affinity of albumin for Tc(Sn)pyrophosphate (20). With

respect to the other possible causes no conclusions can be drawn

from these experiments.
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Finally, a few remarks have to be made.

Bunting et al. (17) have found that the binding percentages

of "VcMDP in EDTA-plasma were lower than in serum. Therefore we

performed a few control experiments using human serum with all

three radiopharmaceuticals. However, no significant differences

were seen between the preparations in citrate-treated plasma and

the preparations in serum.

The major part of the protein-bound technetium elutes in

peaks III and IV. Control experiments indicated that serum

albumin elutes at the same elution volumes. So albumin seems to

be the most important factor in binding protein. This has also

been found by Bunting et al. (17).

In the relevant literature some discrepancy exists on the

formation of pertechnetate and reduced hydrolyzed technetium in

human plasma (7, 18, 19, 27). In our gel chromatographic system

these components cannot be determined because of the presence of

Sn(II) and ligand in the eluent. So a number of mixtures were

analysed by means of thin layer and paper chromatography before

and after incubation with plasma. No differences in the amounts

of pertechnetate and reduced hydrolyzed technetium were noticed,

although no efforts were made to exclude oxygen.

Chemical composition of protein-bound technetium

Two hypotheses exist on the manner in which technetium is

bound to protein. A number of investigators (7, 18, 21, 22)

believe that the technetium-diphosphate or -diphosphonate

complexes are bound to protein as an entity. This hypothesis is

based on the general experience that no hydrolysis of the

complexes in plasma has been observed in spite of a decrease with

time of the total amount of protein-bound technetium (4, 18).

Other investigators believe that the technetium-diphosphate

binding is disrupted when technetium is bound to protein (8, 20,
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gable 5. Composition of " (m*Tc|Sn)pyrophosphate complexes after incubation with

plasma determined by means of gel chromatography on Biogel P-4.

Radiopharmaceutical : 10"2 M pyrophosphate + 10"3 H SnIII) + 10"4 M e9mTc04~, pH

7.0 and pH 4.0. All components of the radiopharmaceutical were radioactively

labeled. The preparation was diluted with various amounts of human plasma. After

30 minutes incubation time the mixture was eluted with an eluent containing the

same Sn(Il) and pyrophosphate concentrations as present in the mixture. The pH

of elution was in all cases 7.4. Column dimensions : 60 x 1.6 cm. Flow rate IB

Elution volume [ml] 45 66 70 77 141

UV-absorption yes yes

nmoles per ml radiopharmaceutical

Preparation at pH 7

1 : 2 dilution Tc 6 93

P 280 9360

Sn 4 980

1 : 10 dilution Tc 1 91

9 350 9570

Sn 20 960

1 : 2 dilution of eluent Tc 98

no plasma incubation^ P 290 9630

Sn 1 990

Sn-pyrophosphate p 130 9850

Sn 990

Preparation at pH 4

1 : 2 dilution Tc 3 94

P 270 9670

Sn 1 9B5

1 : 5 dilution Tc 6 90

P 330 9590

Sn 5 980

1 : 2 dilution of eluent Tc 95

no plasma incubation^ P 350 9610

Sn 990

$ In these experiments the original radiopharmaceutical was applied onto the

column. As eluent a dilution of the reaction mixture (with the exception of

pertechnetate}, pH 7.4 was used.
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uv
adsorption •

(280nm)

[A]

CO 60 80
elution volume ImL]

Tc-99m
activity

40 60 80
elution volume [mL]

P-32
activity

[C]

Sn-113
activity

40 60 80
elution volume [mL]

[D]

40 60 80
elution volume [mL]

Figure 2. Gel chromatogram of plasma incubated with " (ln)Tc(Sn)-

pyrophosphate on Biogel P-4.

Column dimensions : 60 x 1.6 cm. Reaction mixture : 10"2 M

pyrophosphate + 10"3 M Sn(II) + 10"4 M 9 9 < m )Tc0 4, pH 4.0. Eluent

: 5 x 10~3 M pyrophosphate + 5 x 10"4 M Sn(II), pH 7.4. 1 mL of

the reaction mixture was added to 1 mL of human plasma and

incubated for 30 minutes. (A) UV signal (280 nm), (B) Tc-99m

activity, (C) P-32 activity and (D) Sn-113(In-113m) activity
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23). This may occur either by means of hydrolysis (8, 23) or by

means of ligand exchange (20).

We have studied the chemical form in which technetium is

bound to protein for Tc(Sn)pyrophosphate. The concentrations in

the radiopharmaceutical (10 M pyrophosphate, 10~3 M Sn(II) and

10 M TcO^) were chosen so as to enable us to calculate the Tc :

Sn and Tc : Pyp ratios. It was shown that the complexes formed

under these conditions are the same as present in the no carrier

added preparations (24).

The results are shown in Table 5. Nearly all protein is

eluted in the void volume (Figure 2). Together with the protein a

small amount of technetium and tin is eluted. No pyrophosphate is

found at this elution volume.

One might argue that the small percentage of protein-bound

Tc and the large excess of pyrophosphate over technetium made it

impossible to detect any pyrophosphate. So much P-radioactivity

was used, however, that a Tc : P ratio of 1 would have resulted

in a significant signal. Also isotopic exchange of pyrophosphate

is unlikely (24). So pyrophosphate is definitely not present in

this peak. The amounts of tin eluting together with technetium

are somewhat variable. Control experiments on Biogel P-200 showed

that tin was bound by all protein fractions (results not shown).

We believe that tin is bound to protein independently of the

technetium binding.

These results clearly indicate that technetium is not bound

to protein as a complex with pyrophosphate. This is in agreement

with the results found by Billinghurst et al. (20) (who observed

a ligand exchange between technetium-pyrophosphate and albumin)

and Schumichen et al. (8, 23).
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Chemical composition of Tc(Sn)pyrophosphate

These experiments also give information on the chemical form

of free Tc(Sn)pyrophosphate. In all cases a Tc : P ratio of

about 1 : 2 is found (after correction for the amount of P

eluting together with tin). The presence of tin cannot be

determined because of overlap of peaks. It is unlikely that the

complex contains tin because no tailing of the Sn-peak is

observed (Figure 2).

Thus it can be concluded that a TcPyp2 complex is found

irrespective of the pH of preparation. The original radiopharma-

ceutical consists of TcPypT at pH 7 and of TcPyp2 and TcPyp at pH

4 (24). Both complexes are present in about equal amounts at pH

4. So a conversion takes place when the complexes prepared at pH

4 are introduced into the plasma. This conversion is mainly

governed by the change of pH. This can be seen from the

experiments in which the radiopharmaceutical without addition of

plasma is eluted (Table 5). Also in no-carrier-added preparations

it has been observed (1) that the pH of the eluent induces

conversions of the complexes.

This conversion may be responsible for the higher protein-

binding percentages when the complexes are prepared at acid pH.

During this conversion protein may compete with the pyrophosphate

with regard to binding to technetium. So a ligand exchange

process as proposed by Billinghurst et al. (20) is very well

possible.

However, one should be aware that only 1 : 10 dilutions were

used. At high dilutions further conversions take place depending

on the pH of preparation (see Tables 1 - 3). Possible conversions

are the formation of a TcPyp complex or a change of the valence

of the reduced technetium due to the lower Sn(ii) and

pyrophosphate concentrations.

All these conclusions are based on the work done on Tc(sn)-

pyrophosphate. In previous investigations (1 - 3) we found that



the three bone scanning agents showed a similar behaviour. This

is also seen in Tables 1 - 3 . So we believe that many of the

above conclusions also hold for Tc(Sn)MDP and Tc(Sn)HMDP.

Red blood cell labeling

Table 4 shows the degree of red blood cell binding of the

three bone scanning agents. Rather variable results were

obtained. This may be caused by slight differences in the packing

of the blood cells which were added to the plasma. Also the

method of calculation - subtraction of two large values - may

have affected the results. Yet no large differences were found

for the three bone scanning agents. In all cases percentages of

about 5 % were found.

Comparison with relevant literature

The most remarkable result of our study is the equality of

the binding percentages of Tc(Sn)pyrophosphate, 99mTc(Sn)MDP

and 99mTc(Sn)HMDP. In the literature on this field more

diverging results are found for the various bone scanning agents.

The percentages found in our study are also rather low. Table 6

shows a comparison of literature data for the protein binding of
99mTc(Sn)pyrophosphate and 99mTc(Sn)MDP. For 99mTc(Sn)HMDP no

data are known to us.

A drawback in most literature data is that no exact

experimental conditions (Sn(II) and ligand concentrations, pH of

preparation) are given. Nevertheless two major causes which may

lead to large variations in the values obtained, are obvious.

Firstly, the technetium complexes disappear quickly from the

bloodstream after administration of the radiopharmaceutical. It

is well-documented that less than 20 percent of the injected dose

remains in the blood after 30 minutes (see for example ref. 4
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Table 6. Literature data on protein and red blood cell binding in hums

of 99mTc(Sn)pyrophosPhate and
 9&mTc(Sn)MDP.

In vivo/ time after injection/

in vit ro incubat ion [m i n]

method of analysis percent age of binding*

prr'ein KbC

59mTc(Snlpyrophosphate

in vivo

in vivo

in vivo

in vivo

in vivo

in vivo

in vivo

in vivo

:n vivo

in vivo

in vitro

in vitro

in vitro

in vitro

120

! 2 0

qe 1 ciiromat ogr .

precipit. TCA

precipit. SO^

precipit. SO 4

precipit. TCA

ul traf iItrat ion

precipit . SO..

precipit. TCA

dialysis

gel chromatogr.

gel chromatoqr.

dia lysis

precipit• SO4

dialysi s

qel chromatoqr.

10/69

bl

5 b

BO

10

this study

99mTc«Sn)MDP

in vivo

in vivo

in vivo

in vivo

in vivo

60

6 0

60

precipit. TCA

precipit. TCA

precipiI. TCA

dialysis

precipit. SO4

33

14

17

in vivo

in vivo

in vitro

in vitro

in vitro

120

240

30

30

qel chromatogr.

gel chromat ogr.

precipit. SO4

qel chromatogr.

2.1

this study

S Abbreviat ions used :

precipit. TCA ; precipitation by means of trichloroacet ic arid

precipit. SO^ : precipitation by means of (NH4)2SO4 (or Zn3O4 Iref. ^ 1 1

• The percentage of protein binding is expressed as Lhe percentage of radio-

activity present in plasma. The percentage of red blood ce11 binding is

expressed as the percentage of activity present in full blood.
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7). It has also been shown that the protein-bound fraction

increases with time (4, 7, 18). Biological variation may play a

role as well.

This means that in an "in vivo" experiment the result of a

number of combined processes is determined. So it is extremely

difficult to isolate the plasma effects for the various bone

scanning agents from these experiments.

Secondly the method of analyis greatly affects the results.

Each of the applied methods has met with criticism in point of

potential artefacts.

- When precipitation methods are used occlusion of the bone

scanning agent in the denatured protein may occur (10). Lowering

the pH (as in the TCA precipitation method) may also lead to

hydrolysis of the complexes (10). As a matter of fact, we have

shown that the various complexes are very sensitive to pH changes

(1-3).

- With the dialysis method the results are influenced by the time

of dialysis (10, 18). Adsorption of technetium to the membrane

(9, 20) and dissociation of the complexes (20) have also been

mentioned as possible artefacts.

- Ultrafiltration also may lead to adsorption to the membrane or

to an increasing permeability of the membrane (8). When the

protein binding takes place by means of an exchange process the

changing protein concentration in the retentate may shift the

equilibrium.

- With gel chromatography the artefacts may be hydrolysis of the

complexes and adsorption to the gel matrix (9 - 12).

Summarizingly it may be stated that it is very hard to

choose an optimal analysis method and consequently the large

variation in the literature data is not surprising.
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We have chosen for the method of gel chromatography because

addition of small amounts of Sn(II) and ligand (in some of our

experiments 5.10~5 M ligand and 5.10"6 M Sn(II)) to the eluent

prevents adsorption and hydrolysis (1). The gel Biogel P-200 was

chosen because the protein-bound technetium is eluted much

earlier than the technetium-pyrophosphate or -diphosphonate

complexes (see Figure 1). If any hydrolysis should occur, this

would be visible by elution of radioactivity between both peaks.

Any possible re-establishment of equilibria would lead to the

same phenomenon. For this reason the amounts eluting in this part

of the chromatogram (Tables 1 - 3 ) should be included in the

protein-bound fraction. However, only a small quantity is eluted

in this region and it remains nearly constant at increasing

dilutions.

A disadvantage of this method is that the amounts of

pertechnetate and hydrolyzed reduced technetium cannot be

determined simultaneously, but this is easily accomplished by

means of thin layer and paper chromatography.

With respect to the binding of the radiopharmaceuticals to

red blood cells the data show a fair amount of agreement. For

Tc(Sn)pyrophosphate some high values are found, but one has to

take into account that this concerns "in vivo" experiments

performed 2 and 4 hours after injection. Besides, the red blood

cell binding appears to increase with time (7).

Conclusions

The protein binding of mTc(Sn)-complexes of pyrophosphate,

MDP and HMDP was analysed using an "in vitro" system. The binding

percentages vary from 5 - 15 %. No large differences are found

between the three ligands. The binding of the bone scanning

agents to red blood cells is also similar: 5 - 10 %.

The chemical composition of the complexes present in plasma
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was investigated for ^m'Tc(Sn)pyrophosphate. No Tc-diphosphate

complex is bound to protein. At low dilutions in plasma the free

Tc-complex is TcPyp, irrespective of the pH of preparation. At

high dilutions new complexes appear. The composition of these

complexes has not been determined.

These results indicate that in plasma conversions between

complexes may occur. A major factor governing these conversions

is the pH.

Summarizingly we believe that in the relevant literature

the effect of protein binding has been over-emphasized. Further,

too little attention has been paid to eventual changes of pH,

when the radiopharmaceuticals are entering into the blood.
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8. ADSORPTION OF 99mTc(Sn)PYRO-
PHOSPHATE COMPLEXES ON THE MIN-
ERAL PHASE OF BONE

J. Kroesbergen, A.M.P. van Steijn, W.J. Gelsema, and C.L. de

Ligny

Summary

The adsorption of pyrophosphate, tin-pyrophosphate and

""Tc-tin-pyrophosphate on Ca^fPO^^ was investigated at pH 4.0

and pH 7.4. All components were radioactively labeled.

Tin and reduced technetium were in most cases almost

completely bound. The adsorption of pyrophosphate, tin(II) and

technetium-99m at pH 4.0 was higher than at pH 7.4. The presence

of tin gave rise to an increase of the pyrophosphate adsorption

that was much larger than can be accounted for by a

stoichiometric adsorption of tin-pyrophosphate.

It is concluded that tin and technetium are bound as

negatively charged complexes with pyrophosphate.

Finally it is argued that the fraction of the bone scanning

agent that reaches the bone surface is adsorbed completely by the

mineral phase.

Int. J. Nucl. Med. Biol., in press
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Introduction

The way i . which "'TC bone scanning agents are deposited

onto bone has been investigated elaborately. The conclusions

that were drawn are rather conflicting in a number of ways (1,

2).

Three hypotheses exist about the material onto which the

bone scanning agents are deposited. Most investigators believe

that the main target is the mineral phase of bone, the so called

hydroxyapatite (3 - 9). Indeed, it has been proven that

hydroxyapatite can bind '"TC bone scanning agents both "in

vitro" (3-8) and "in vivo" (8, 9). A second hypothesis is that

the organic phase of bone (especially the collagen) is

responsible for the deposition (10, 11), but this hypothesis has

been challenged (5)• The third hypothesis is that phosphatases

are responsible for binding (12), but this view is generally

rejected (1, 2).

Also the opinions concerning the chemical nature in which

the bone scanning agent is deposited differ. Some investigators

believe that the complexes are transported towards the bone as an

entity and are also deposited as an entity (3, 9). However,

recently a number of publications have appeared in which it is

concluded that the components technetium, tin and phosphate or

phosphonate are bound separately (6 - 8).

Finally it has become evident that the bone scanning agents

consist of a mixture of complexes (13 - 16, 21) which have

different affinities towards bone tissue (14, 15, 29). Thus far

this point has received very little attention in adsorption

studies.

We have decided to investigate the adsorption of the bone

scanning agent ""Tc(Sn)pyrophosphate onto the mineral phase of

bone in an "in vitro" system. The adsorption of pyrophosphate,

tin-pyrophosphate and mTc-tin-pyrophosphate was investigated

with all components radioactively labeled. As model substance for
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the mineral phase of bone amorphous tri calcium phosphate

Ca,(PO^Jj was chosen on the basis of literature research (4, 7,

17 - 19).

The results of the adsorption experiments were plotted as

Langmuir isotherms. This model, in which a monolayer adsorption

is assumed, is often employed in the study of adsorption from

solutions. The parameters appearing in this equation are

physically meaningful. On the other hand it has to be noted that

the Langmuir equation may perfectly fit to an experimental

isotherm when the adsorption does not occur in the form of a

monolayer (20). In some cases the results have also been plotted

as a percentage of adsorbed radioactivity against the initial

amounts that are exposed to the adsorbent . This facilitates a

correlation of the results with nuclear medicine practice.

The experiments were performed as follows:

- The concentration of one component was varied, while the

concentrations of the other components were kept constant. In

this case the nature of the complexes will change in the series

of experiments (13, 21, 24). If the complexes have different

affinities towards the calcium phosphate, this will lead to a

distortion of the Langmuir isotherm.

- The concentrations of all components were varied, but the

ratios between the concentrations were kept constant. Such

experimental conditions were chosen in which only one of the

three previously described (21) mTc(Sn)pyrophosphate complexes

was present mainly.

- All experiments were performed at pH 7.4 and at pH 4. At pH 7.4

the surface of the calcium phosphate is uncharged, while at pH 4

the surface is positively charged (7, 22). The mTc(Sn)pyro-

phosphate complexes are negatively charged (23) at both pH values

and the tin and technetium ions are positively charged at pH 4
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(7, 24, 25).

Experimental

Chemicals, Apparatus

Ca3(PO4)2 (catalogue number 2143) (Merck, Darmstadt, West

Germany). Na4P2O7.10 H20, SnCl2.2 H20, HC1, NaOH, KBrO3 (Baker

Analyzed Reagent) (J.T. Baker Chemicals N.V., Deventer, The

Netherlands). Aquasol (New England Nuclear, Dreieich, West

Germany ). NH4
99TcO4,

 113SnCl4,
 32P-Na4P2O7 (Amersham Inter-

national pic, Amersham, United Kingdom). mTc-generator (300 mCi

Stercow 99m) (Byk-Mallinckrodt CIL B.V., Petten, The

Netherlands).

Disposable test tubes (Nunc, Denmark). Disposable syringes

(B. Braun, Melsungen, West Germany). Millipore filters (0.2/um,

Minisart N) (Sartorius GmbH, GOttingen, West Germany). Poly-Q

scintillation vials (Beckman Instruments, Irvine, U.S.A.).

Thermostated water bath and rotator (Tamson B.V.,

Zoetermeer, The Netherlands). Two-channel, well type Nal(Tl)-

detector counting system (Gamma 8000) (Beckman Instruments,

Irvine, U.S.A.). Berthold liquid scintillation counter (BF 2240)

(Berthold, Wildbad, West Germany).

Solutions

Stock solutions of pyrophosphate were made in bidistilled

water. Weekly a stock solution of 4.10"*' M SnCl., was prepared in

2 M HC1. Some grains of tin metal were added to prevent oxidation

and the concentration was determined by biamperometric titration

with KBrO^. All solutions were purged with nitrogen gas.

The incubation solutions were prepared in scintillation

vials. Appropriate amounts of the tin(II) and pyrophosphate stock

solutions and of the radioactive tracers were added and diluted

to a final volume of 5 mL. The pH was adjusted with 1 M HC1 or
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NaOH. Finally 0.25 mL of 99mTc generator eluate was added in a

number of experiments. Experiments 17 - 23 were performed in a

similar way with the exception that a larger amount of stock

solution containing all components was prepared, which was

subsequently diluted. Oxygen was excluded as carefully as

possible from the solutions. A summery of the concentrations that

were used is given in Table 1.

Equilibration

100 mg of Ca^fPO^),, was weighed into a tube and 2.50 mL of

the incubation solution was added. The tubes were placed in a

water bath of 37° C and continuously rotated.

The time needed to attain equilibrium was experimentally
32determined with P-pyrophosphate. After three hours no further

changes in the adsorption were noted and a 24-hour-period was

selected for convenience.

After 24 hours the suspensions were filtered through a 0.2

/urn Millipore filter. The concentrations in the filtrate and in

the initial solutions were determined by measuring the

radioactivity in 0.5 mL portions. The activities of

technetium(Tc-99m) and tin (In-113m) were counted in a Nal(Tl)

scintillation counting system and the P-pyrophosphate activity

was measured by means of liquid scintillation counting. The tin

activity was measured after 3 days to allow the technetium to

decay and to reach equilibrium between Sn and In.

Calculations

The results were fitted with the Langitiuir-isotherm:

Kc

xm K c
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-"able 1 • Summary of experimental conditions

2.5 mL of solution was incubated with 100 mg Ca 3(PO 4) 2 for 24 hours at

37° c. Every experiment was performed at 7 levels of one component,

while the concent rat ions of the other components were kept constant

{exp. 1 - 18) or at 7 levels of dilution, while the ratio between the

concentrations was kept constant (exp. 19 - 24). This table gives the

initial concentrations present in the incubation solution. For the

component, the concentration of which was varied, the highest and lowest

concentration of the series is given.

Exp.

Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

pH

7.4

4.0

7.4

4.0

7.4

4.0

7.4

4.0

7.4

4.0

7.4

4.0

7.4

4.0

7.4

4.0

7.4

4.0

7.4

7.4

4.0

4.0

4.0

4.0

initial

pyrophosphate

concentration

[M]

no #

no

9.6.10-3-3.6.10~5

9.6.10-3-9.6.10"5

1.0.10"2-l.0.10""

1.0.10"2-1.0.10"4

1.0.10-2-1.0.10""

i.o.io"2-i.o.io-"

1.0.10"2

1.0.10"2

1.0.10"3

1.0.10"3

9.7.10-3-9.7.10"5

9.7.10"3-9.7.10-5

9.7.10-3-9.7.10"5

9.7.10"3-9.7.10-5

1.0.10"2

1.0.10~2

4.6.10"2-4.6.10"3

4.5.10"2-4.5.10"3

4.5.10"2-4.5.10"3

4.5.10"2-4.5.1O~3

4.3.10"2-4.3.10"3

3.9.10-2-3.9.10"3

initial

tin(n)

concentration

no

no

no

no

9

9

9

9

1

1

1

1

1

1

1

1

1

1

4

4

1

1

8

7

.8

.8

.7

.7

.0

.0

.0

.0

.1

.1

.3

.3

.0

.0

.4

.3

.1

.1

.1

.5

IM)

.10""

.10""

.ID"5

.10-5

.10"3-l.

.10-3-l.

.10"3-l.

.io-3-i.

.lO"3

.lO"3

.10""

.10""

.10"3-l.

.10"3-l.

.10"3-4.

.10~3-4.

.10-"-!.

.10"4-l.

.10~3-8.

.10"3-7.

0

0

0

0

0

0

4

3

1

1

1

5

.10-5

.lO-5

.10-5

.10-5

.10-5

.10-5

.10""

.10""

.lO-5

.lO"5

.10-"

.10""

99m T c Q 4-

added

•

*

no

no

no

no

no

no

no

no

no

no

yes

yes

yes

yes

yes

yes

no

yes

no

yes

no

yes

# : not added

* : adsorption of pertechnetate. Concentration range 10~4-10~10 M
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In this formula X represents the adsorption in moles per gram

adsorbent at an equilibrium concentration c [mol l" ] , Xffl is the

maximum monolayer-adsorption per gram of adsorbent and K reflects

the affinity of the adsorbate molecules for the adsorption sites.

The equilibrium concentration c was calculated from the

counting rates in the initial solutions (Tref)
 a n d i n t h e

filtrates (T) according to:

T

c = c^,o with c___ = initial concentration

Tref

The initial concentrations were known from the amounts of the

stock solutions added.

Results

The adsorption of pyrophosphate was determined as a function

of the pyrophosphate concentration in the presence of different

amounts of Sn(II) (experiments 3 - 8 ) . The obtained Langmuir

isotherms are shown in Figure 1 for pH 7.4 and in Figure 2 for pH

4.0.

The adsorption of Sn(II) was investigated as a function of

the Sn(II) concentration and pH in the presence of pyrophosphate

(experiments 9 - 12). The results of experiments 9 and 10 are

shown in Figure 3.

The adsorption of varying amounts of "VcO^" was

investigated in the absence of pyrophosphate and Sn(ll)

(experiments 1 and 2). No adsorption of radioactivity could be

detected.

The adsorption of technetium-99m complexes was examined at

both pH's in the presence of various amounts of pyrophosphate and

tin(II) (experiments 13 - 18). Because of the low and unknown
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pyrophosphate adsorption

[JO moles g-^ calciumphosphatej

25-

20-

15-

10-

equilibrium concentration pyrophosphate [10"^ moles L j

Figure 1. Adsorption isotherms for pyrophosphate on calcium

phosphate at pH 7.4 (experiments 3, 5 and 7).

The equilibrium concentration is the concentration in the

f i l t r a t e af ter achievement of equi l ibr ium. The i n i t i a l

concentrations are given in Table 1. All values have to be

multiplied by the factors shown in brackets. The lines conform to

the Langmuir equation.

O : no t in added, X : 10"4 M Sn(II) added, n : 10~3 M Sn(ll)

added.

technetium concentrations in the generator eluate no Langmuir

isotherms were plotted. Instead the results are shown as a

percentage of adsorbed radioactivity in Table 2.

We found three major Tc(Sn)pyrophosphate-complexes in a

previous a r t i c le (21). The experiments in which the ra t io

between pyrophonphate, Sn(II) and technetium was kept constant

were performed under such conditions, that only one complex was

present (either complex II, III or V, for numbering see ref. 21).

The Langmuir isotherms are shown in Figures 4 - 6 (exps. 19 -

142



pyrophosphate adsorption

^ moles g" ' calciumphosphatej

equilibrium concentration pyrophosphate[_10~ moles L J

Figure 2. Adsorption isotherms for pyrophosphate on calcium

phosphate at pH 4.0 (experiments 4, 6 and 8).

0 : no tin added, X : 10"4 M tin(II) added, D : 10"3 M tin(II)

added. See further legend of Figure 1.

24). The presence of pertechnetate did not influence the

adsorption of pyrophosphate and Sn(II), so the results for these

components in the absence and presence of mTc04~ were pooled.

This time Langmuir isotherms were plotted for technetium also.

From the history of the generator, the time elapsed since the

previous elution and measurements of Tc radioactivity in the

initial solutions, it was calculated that the highest technetium

concentration was about 10

plotting of the isotherms.

-10 M. This value was used in the

Finally all results were also plotted as a percentage of

adsorbed radioactivity against the amounts initially added, in

mol/g adsorbent. Figure 7 shows a representative result obtained

at pH 7.4 (experiments 3 and 20). f
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tin(II) adsorption
R -1 1

~3 moles g ' calciumphosphatej

2.5-

2.0-

1.5-

1.0-

0.5-

1 2 3

equilibrium concentration tin(H) [10~^ moles L J
Figure 3. Adsorption isotherms for t i n ( I I ) on calcium phosphate

at pH 7.4 and pH 4.0 (experiments 9 and 1 0 ) .

O : pH 4.0, X : pH 7.4. See further legend of Figure 1.

Discussion

Adsorption of pyrophosphate and Sn(II)

The adsorption of pyrophosphate can be fitted well by a

Langmuir isotherm. The adsorption at pH 4.0 (Figure 2) is

somewhat larger than the adsorption at pH 7.4 (Figure 1). This is

expected, because the point of zer> charge of the Ca,(PO4)2

surface is about 7 (22). The specific surface area of the calcium

phosphate (Merck nr. 2143) is about 65 m^ q~^ (7) as determined

by gas adsorption. A maximum adsorption of 0.15 mmol/g Ca3(PO4)2

at pH 4.0 and of 0.12 mmol/g at pH 7.4 reasonably agrees with the

value predicted by the model of Taves and Reedy (26). The results

are also in agreement with the results obtained by Billinghurst

et al. (6) for pyrophosphate and by Claessens (7) for various

diphosphonates.

it •: '
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When a constant amount of Sn(II) is added , the adsorption

of pyrophosphate is strongly increased. Adsorption of the excess

amount of pyrophosphate as a complex with tin is not possible,

because this would imply adsorption of complexes such as SnPyp^Q

at low tin concentration. For the same reason multilayer

adsorption cannot explain this phenomenon. We think that Sn(II)

creates new binding places for pyrophosphate. Our results are in

contradiction with those of Claessens (7) who found a decreased

diphosphonate adsorption in the presence of tin.

The adsorption isotherm of tin at constant pyrophosphate

concentration is almost a straight line and virtually all tin is

adsorbed (Figure 3 ) . The affinity of Sn(II) for the Ca-j (PO.) 2

surface is higher at pH 4.0 than at pH 7.4, as can be seen from

the slopes of the isotherms. Because of the positive charge of

the calcium phosphate surface at pH 4 this implies that tin

cannot be bound preferably as a positively charged ion. Also

binding as Sn(0H) 2 is not likely, because at increasing pH-values

the amounts of tin hydroxide increase (7, 24). So the most

probable explanation is that tin is bound preferably as a

negatively charged tin-pyrophosphate-complex. On the other hand

tin is not adsorbed exclusively as a negatively charged complex.

This can be seen in series 5, 6, 13, 14, 15 and 16, where an

excess of Sn(II) is present in some cases and yet virtually all

tin is adsorbed.

Because in experiments 5 and 6 the Sn/pyrophosphate ratio

varied from 10 - 0.1, the nature of the complexes in these

experiments must change (24). However, all tin complexes are

virtually completely adsorbed irrespective of the nature of the

complexes formed. This implies, in its turn, that pyrophosphate

is adsorbed as Sn-pyrophosphate complexes at low pyrophosphate

concentrations and mostly as free pyrophosphate at high >

concentrations of the latter. Nevertheless these experiments show •$
"-4

no large deviations from the Langmuir isotherm. •&
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Table 2. Adsorption of technetium-99m on Ca 3(PO 4) 2

The experimental conditions were as described in Table 1 (exp. 13

- 18). The adsorption is expressed as a percentage of adsorbed

radioactivity.

initial initial

pyrophosphate tin(II) 99mTc-adsorption [ % ]

concentration concentration

[ M ] [ M ] pH 4.0 pH 7.4

9.7.10"5

3.9.10"4

9.7.10"*

3.9.10"3

9.7.10"3

9.7.10"5

3.9.10"4

9.7.10"*

3.9.10"3

9.7.10"3

1.0.10"2

1.0.10~2

1.0.10~2

1.0.10"2

1.0.10~2

1

1

1

1

1

1

1

1

1

1

1

4

1

4

1

.1.10"3

.1.10"3

.1.10"3

.1.10"3

.1.10"3

.3.10"*

.3.10"*

.3.10"*

.3.10"*

.3.10"*

.0.10"5

.1.10"5

.0.10"*

.1.10"*

.0.10"3

100

99

99

99

96

99

99

99

95

83

55

88

95

97

97

.0

.8

.9

.9

.9

.6

.7

.4

.9

.4

.6

.8

.5

.2

.1

99.

99.

99.

99.

90.

99.

99.

99.

97.

83.

47.

79.

87.

91.

90.

9

9

9

7

1

7

2

0

1

1

3

4

0

7

1

Adsorption of technetium

Experiments 1 and 2 show that pertechnetate has to be

reduced befora it can be adsorbed. This is in agreement with

previous results (6, 7) and with the well-known fact that

pertechnetate shows no bone uptake.
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Table 2 shows that almost all technetium is bound to the

calcium phosphate except at the lowest tin (II) levels. This lower

adsorption is probably due to an incomplete reduction of the

pertechnetate or to a reoxidation of reduced technetium. At tin

levels, at which this phenomenon does not play a role, the

adsorption of the reduced technetium at pH 4.0 is somewhat larger

than the adsorption at pH 7.4. According to a reasoning (25)

similar to the one for the tin(II) adsorption this implies that

technetium is adsorbed preferably as a negatively charged

complex with pyrophosphate. Russell et al. (23) found, indeed,

that "VcfSnJpyrophosphate-complexes are negatively charged both

at pH 4 and 7.

These results exclude the hypothesis that technetium, tin and

phosphate are bound independently (6 - 8). On the other hand

our results do not necessarily indicate an adsorption of "'TC-

Sn-pyrophosphate complexes as an entity (3, 9). Another plausible

explanation in accordance with our results is that a 9mTc-Sn-

pyrophosphate complex dissociates into a mTc-pyrophosphate-

complex and a tin-pyrophosphate complex before adsorption. It has

been shown that both species can be adsorbed onto the bone

surface (27, 28).

Adsorption of different complexes

Figures 4 - 6 show the adsorption of pyrophosphate, tin(II)

and technetiuHi~99m under the conditions at which the major

""TC(Sn)pyrophosphate-complexes are formed. As expected the

addition of tracer amounts of pertechnetate did not influence the

adsorption of tin and pyrophosphate.

The maximum in the Sn(ll) adsorption found in Figure 4 is

remarkable. A similar maximum was also found by Claessens (7) for

Sn(II)-EHDP. He ascribed this phenomenon to a large stability of

the complex formed at high ligand concentration. However, he

assumed a separate adsorption of tin and EHDP. We have not found

a plausible explanation.
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Adsorption

|J0~5 moles pypg" 1 calciumphosphatej

[JlCr^moles Sn g"1 calciumphosphate J

|_10" ^ moles Tc g~1 calciumphosphatej

30-

10 20

equilibrium concentration

|_10~3 moles pyp L"1J

[ i0~ A moles Sn L~']

[2.5 x10"12 moles Tc L"1]

Figure 4. Adsorption isotherms for pyrophosphate, tin(II) and

technetium-99m on calcium phosphate at pH 7.4.

Pyrophosphate : tin ratio = 10 : 1 ; experiments 19 and 20. The

technetium concentrations are approximate (for further

explanation see Results).

O : pyrophosphate adsorption, X : tin(II) adsorption, • :

technetium-99m adsorption. See further legend of Figure 1.
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Adsorption

[iO~5moles pyp g~1 calciumphosphate J

MO moles Sn g~^ calciumphosphate J

10" moles Tc g~^ calciumphosphate J

40-

30-

20-

10-

10 20 30

equilibrium concentration

MO-3moles pyp \_~'J

[i0~6moles Sn L~1]

[2.5x1O-12 moles Tc L~1]

Figure 5. Adsorption isotherms for pyrophosphate, t in( l l ) and

technetium-99m on calcium phosphate at pH 4.0.

Pyrophosphate : tin ratio = 400 : 1 ; experiments 21 and 22. See

further legend of Figure 4.
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Adsorption

[J0~5 moles pyp g~1 calciumphosphate J

[^5x10 moles Sng calciumphosphate J

~^ moles Tc g"1 calciumphosphate J

10 20 30

equilibrium concentration

[i0~3 moles pyp L~1J

[10

[2.5x10

moles

moles Tc L~

Figure 6. Adsorption isotherms for pyrophosphate, tin (II) and

technetium on calcium phosphate at pH 4.0.

Pyrophosphate : tin ratio = 5 : 1 . Experiments 23 and 24.

See further legend of Figure 4.
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It should be noted also that contrary to figure 3 not all

Sn(II) is adsorbed at the higher pyrophosphate concentrations.

Thus at high pyrophosphate concentrations a competition occurs

between Sn(II) and pyrophosphate. In experiment 20 (Figure 7) and

Table 2 the same is seen for the technetium adsorption. It can

thus be concluded that the technetium-pyrophosphate complex and

pyrophosphate are also competing for the same binding places.

Figures 4 - 6 show that there is a distinct difference in

the adsorption of the three "Vc (Sn)pyrophosphate complexes that

may be present in the radiopharmaceutical (21). The adsorption of

the complex prepared at pH 7.4 (complex II) is much less than the

adsorption of the complexes prepared at pH 4.0 (complexes III and

V). Further the adsorption of the complex prepared at a high

pyrophosphate : Sn(ll) ratio (complex III) is clearly higher

than the adsorption of the complex prepared at a low

pyrophosphate : Sn(II) ratio (complex V).

However, one must be aware of the fact that at the bone

surface much lower concentrations will appear than those used in

our experiments. So "in vivo" all three complexes may be equally

effectively adsorbed by the bone mineral. This is discussed in

the following section.

Adsorption of '"TC(Sn)pyrophosphate complexes in vivo

To extrapolate the results to an "in vivo" situation one has

to use initial concentrations instead of the equilibrium

concentrations used in the Langmuir isotherms. Further one has to

consider that only low amounts of the radiopharmaceutical are

available. Assuming that the whole injected amount reaches the

bone and that 0.2 percent of the bone mineral is exchangeable
-5(7), it is calculated, that about 10 moles of pyrophosphate and

10 moles of Sn(II) are available per gram of exchangeable bone

mineral.
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percentage adsorbed

100

80

60

40-

20-

0 1 2 3 ^ . 5 6 7 6 9 10 11

init ial amount cdded

jJO~* moles pypg catciumphosphate |

[iO~^moles Sn g calciumphosphate J

[_2.5x10" moles Tc g"^ calciumphosphate J

Figure 7. Adsorption of pyrophoshate, tin and technetium-99m

expressed as a percentage of adsorbed radioactivity against

initial amounts added per gram of calcium phosphate.

Experiments 3 and 20 at pH 7.4. The vertical line indicates the

amounts available after injection of the bone scanning agent (see

text).

O : pyrophosphate, X : tin(II) and Q : technetium-99m (experiment

20). * : pyrophosphate (experiment 3).

Figure 7 shows the results of experiments 3 and 20 plotted

as a percentage of adsorbed radioactivity versus the amounts that

are available per gram of Ca-^PO^T- This figurp suggests that

with the extremely low amounts available per gram of exchangeable

bone mineral "in vivo" virtually all technetium, tin and

pyrophosphate is adsorbed. A similar analysis of the results

obtained by Claessens (7) for complexes with MDP and EHDP leads

to an analogous conclusion.
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So we are fairly sure that the whole injected amount of bone

scanning agent can be adsorbed by the bone mineral, if it reaches

the bone surface. Therefore the adsorption of the bone scanning

agents onto bone may be explained without taking into account the

role of collagen or phosphatases (10 - 12) .

On the other hand it is a well known fact that different

preparations lead to different bone scans (14, 15, 29). We

believe that these differences have their origin in processes

which occur before the complexes reach the bone.

Conclusions

In the adsorption of mTc-Sn-pyrophosphate complexes on

Ca3(PO4)2 no independent binding of pyrophosphate, tin and

technetium is found, but tin and technetium are bound as

negatively charged complexes with pyrophosphate.

The whole injected amount of bone scanning agent can be

adsorbed by the bone mineral, if it reaches the bone surface.

Therefore the adsorption of the bone scanning agents onto bone

may be explained without taking im.o account the role of collagen

or phosphatases.
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9. SUMMARY AND GENERAL DISCUSSION

This thesis describes a comparison of the preparation,

composition and properties of three bone scanning agents:
99mTc(Sn)pyrophosphate, 99mTc(Sn)MDP and 99mTc(Sn)HMDP. The aim

of this investigation is twofold.

- First we wanted to investigate the preparation and composition

of the radiopharmaceuticals as a function of experimental

conditions. Together with previously reported results for mTc-

(Sn)EHDP, obtained in a similar way, this enables us to use well-

defined preparations of the bone scanning agents.

- Secondly we wanted to gain an insight in the mechanism in which

the agents behave "in vivo". Because the "in vivo" process is too

complicated to study directly, it seemed more appropriate to

perform "in vitro" investigations as simplifications of the "in

vivo" situation.

The first two chapters of this thesis treat, after a

description of the historical development, the current state of

the research with respect to the bone scanning agents. In spite

the fact that Tc(Sn) bone scanning agents have been in use

for more than 10 years for the detection and evaluation of bone

abnormalities, still very little is known about their chemical

composition. This is inherent to the general lack of knowledge on

the basic chemistry of technetium. Further, little is known about

the behaviour of most agents after entering the body. Much

literature has appeared on this subject, but the conclusions are

often conflicting. As a consequence the choice for a certain

preparation has to be based on rather subjective arguments as is

shown in chapter 2.
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Preparation and composition of the bone scanning agents

The preparation and composition of the three bone scanning

agents are described in chapters 3 - 5 . Results for inTc(Sn)EHDP

can be found in the thesis of J.A.G.M. van den Brand, University

of Utrecht (1981).

A high labeling efficiency is essential for a good

performance of the radiopharmaceuticals. The labeling yield has

been determined using thin layer and paper chromatography as a

function of Sn(II) and ligand concentration and of pH.

The pH and ligand concentrations have little influence on

the labeling efficiency. The Sn(II) concentration has a

significant beneficial effect in all cases. The effect is

stronger for the phosphate complexes than for the phosphonate

complexes.

The diphosphonates can be effectively labeled under the

following conditions: pH 2 - 9, [Sn(II)] _> 10~4 M, [Ligand] _>.

5x10 M. For pyrophosphate somewhat higher concentrations are

needed: pH 2 - 8, [Sn(II)] _> 10~3 M» [Ligand] _> 10~2 M.

For the complexes of pyrophosphate and MDP it has been found

that a reversible interconversion occurs between complexed

technetium and a component behaving in the same way as reduced

hydrolyzed technetium. This interconversion depends on pH.

The composition of the radiopharmaceuticals has been

investigated using gel chromatography on Biogel P-4.

The composition of the eluent has a large influence on the

chromatograms. When a particular preparation is eluted under

different conditions (variations of Sn(Il) and ligand

concentration and of pH of the eluent), different chromatograms

are obtained. So to avoid artefacts during chromatography, it is

necessary that the eluent has the same composition as the

radiopharmaceutical to be analyzed (except for pertechnetate). A

drawback of this method is that the labeling efficiency cannot be
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determined at the same time in view of the above mentioned

interconversion. Further, eventually unreacted pertechnetate can

be reduced by the Sn(II) present in the eluent.

The composition of the reaction mixture has been studied as

a function of pH, Sn(II) and ligand concentrations. The pH and

the ligand concentration have a strong influence on the formation

of a particular complex. The Sn(II) concentration has little

influence.

For ""re(Sn)pyrophosphate four major fractions are found.

At low pH values (pH < 5) two major complexes are formed and at

neutral pH one major complex. The two complexes appearing at low

pH values can be obtained in a pure form by varying the ligand

concentration.

For ""TcCSnJMDP almost identical results are obtained. The

main difference is that the two complexes present at low pH

cannot be prepared in a pure form by variation of the ligand

concentrations (maximal yields 50 - 70 % ) .

mTc(Sn)HMDP complexes show a quite different behaviour. In

the range pH 2 - 5 three main complexes are found. In the range

pH 5 - 7 two complexes are present and between pH 7 - 9 one

complex. Only the last complex can be prepared in a pure form.

The other complexes can be obtained in 4 0 - 7 0 % yields by

varying the Sn(II) and ligand concentrations.

It has been found for complexes of EHDP that two major

complexes are formed depending on pH and Sn(II) concentration.

However, because in that investigation the ligand concentration

was kept constant and the pH of elution was always 7.4, the

results cannot be compared directly.

The chemical composition of the three major complexes

of mTc(Sn)pyrophosphate has been investigated using carrier

amounts of technetium and with all the components radioactively

labeled. This study is described in chapter 6.

Addition of carrier technetium leads to the appearance of

extra peaks. For the complexes, also appearing in "no carrier
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added" preparations, the technetium : tin : pyrophosphate ratios

have been determined . The complex prepared at pH 7 has the

composition TcPyp2- The two complexes present at pH 4 have the

following compositions: TcPyp2 and TcPyp. Although two complexes

have the same formula, this does not necessarily mean that they

are identical.

Because the study on the composition of pyrophosphate and

MDP complexes has led to nearly identical results, it is proposed

that the complexes of MDP have the same compositions: TcMDP^ at

pH 7 and TcMDP2 and TcMDP at pH 3.

Concerning the technetium : ligand ratios, these results are

the same as those found for the major complexes of EHDP. However,

the latter complexes appeared to contain tin.

"In vivo" behaviour of the bone scanning agents

In chaptar 7 the "in vitro" plasma protein and red blood

cell binding of the three bone scanning agents is described. As

method of analysis gel chromatography on Biogel P-200 has been

applied.

When the radiopharmaceuticals are prepared at pH 7, protein

binding percentages ranging from 5 - 15 % are found. Preparation

of the radiopharmaceuticals at lower pH values results in higher

binding percentages for Tc(Sn)pyrophosphate and ""TcCSnjMDP

(6 - 7 % at pH 7 vs. 10 - 13 % at pH 3 - 4). The differences

between the agents are small. The red blood cell binding is 5

10 %.

The chemical composition of the complexes present in plasma

has been investigated for Tc(Sn)pyrophosphate. Carrier amounts

of technetium have been used and all components were

radioactively labeled. Biogel P-4 was used as chromatographic

medium.

It has been shown that the protein bound-technetium is not

complexed with pyrophosphate. Further, at low dilutions the free
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complex has the composition TcPypj, irrespective of the pH of

preparation. This implies that a conversion has to take place

when the complex is prepared at low pH values. This may explain

the pH effect on the protein binding percentages because during

this conversion a competition may occur between pyrophosphate and

protein for reduced technetium.

At high dilutions further conversions of the free complexes

take place. This has been found for all three agent?. The

composition of these newly formed complexes has not been

determined.

Finally a comparison has been made with literature data.

Most differences may be explained by the use of different

analytical procedures. Another important factor is whether the

experiments are performed "in vivo" or "in vitro"

The adsorption of pyrophosphate, tin-pyrophosphate and

""TC (Sn)pyrophosphate on Ca^PO^Jj is described in chapter 8.

Two pH values have been used (pH 7.4 and 4.0) and all components

were radioactively labeled.

The adsorption of pyrophosphate occurs according to a

Langmuir isotherm. Tin and reduced technetium are almost

completely bound. The presence of tin causes an increase of

adsorption of pyrophosphate probably due to the creation of new

binding sites.

From the differences between the adsorption at pH 4.0 and

7.4 it has been concluded that adsorption of tin and technetium

must occur in the form of negatively charged complexes with

pyrophosphate.

Finally it has been concluded that the fraction of the bone

scanning agent that reaches the bone surface is completely

adsorbed by the mineral phase. It has been calculated that the

same holds for complexes of MDP and EHDP.

0
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Conclusions

Concerning the preparation of the radiopharmaceuticals it is

clear that a number of different complexes can be present,

depending on the experimental conditions. In many publications

little attention is paid to the composition of the radio-

pharmaceutical preparations. In fact, this is fostered by some

manufacturers of kits, who describe in their recipe that the

contents of a vial may be dissolved in 1 to 10 milliliters of

generator eluate. In order to facilitate a comparison of

literature data it is recommended that more attention will be

paid to this point.

Besides, it is clear that the method of analysis affects the

results to a large extent. This is especially a problem with the

rather labile bone scanning agents. So any method of analysis has

to be scrutinously checked with a view to possible artefacts.

It is evident that the above-mentioned recommendations also

hold for investigations concerning the "in vivo" behaviour.

The results of Chapters 7 indicate that the differences

between the three agents are rather small with respect to the

plasma protein binding. Also the whole fraction can be adsorbed

by the mineral phase of bone. This implicates that the process

that discriminates between the different complexes, is most

probably the passage through the various membranes.

This proposition is supported by a comparison of our

adsorption study with a recent one on rat calvaria (T.J.F.

Savelkoul Chapter 1, reference 122). In the latter study no

uptake of mTc(Sn)MDP in rat calvaria was found, whereas in our

study it was found that the whole fraction can be adsorbed by the

hydroxyapatite. Unfortunately hardly anything else is known about

the passage of membranes for the bone scanning agents.

Consequently further research is strongly recommended.
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10. SAMENVATTING VOOR NIET-
SPECIALISTEN

Introductie

De toepassing van radioactieve isotopen in de geneeskunde

heeft al eer. lange geschiedenis. Oorspronkelijk was het de bedoe-

ling om de vernietigende straling te gebruiken bij de behandeling

van kwaadaardige tumoren. De ontwikkeling van deze therapeutische

toepassing bleek echter een moeizaam proces te zijn. Daarom

worden momenteel radioactieve isotopen het meest gebruikt voor de

diagnose van afwijkingen.

Hierbij wordt een radioactief preparaat (het radiopharmacon)

toegediend aan een patiënt. Het radiopharmacon hoopt zich op in

bepaalde organen, waarbij de ophoping in ziek en gezond weefsel

anders is. Na verloop van tijd wordt de verdeling van de radioac-

tiviteit over het lichaam gemeten door de uittredende straling te

detecteren. Door een juiste keuze van het radiopharmacon kan men

afwijkingen vaststellen in bepaalde organen. Zo zijn er radio-

pharmaca beschikbaar voor het opsporen van hersentumoren, hartin-

farcten, nierafwijkingen en leverafwijkingen.

Dit proefschrift handelt over de radiopharmaca, die gebruikt

worden bij het opsporen van botafwijkingen (de z.g. botscanmidde-

len). Een van de belangrijkste toepassingen hiervan is het opspo-

ren van secundaire bottumoren (uitzaaiingen van een tumor elders

in het lichaam). Het is gebleken dat deze geïdentificeerd kunnen

worden, lang voordat ze zichtbaar zijn op een röntgenfoto. Daarom

wordt een botscan (meting van de verdeling van de radioactiviteit

over het skelet) vaak gebruikt na de operatieve behandeling van

kanker om de verdere therapie te bepalen. Andere toepassingen

zijn het opsporen van de oorzaken van pijn aan het skelet en de

diagnose van botstofwisselingsziekten.

Als radiopharmaca worden hoofdzakelijk technetium-99m-fos-

faat en -fosfonaat complexen (een complex is een gecompliceerd

163



opgebouwde verbinding) gebruikt. Hierin is technetium het radio-

actieve isotoop. Dit isotoop wordt gebruikt, omdat het een rela-

tief lage stralingsbelasting voor de patiënt geeft. De fosfaat of

fosfonaat groepen (de zg. liganden in het complex) zorgen voor de

ophoping van het complex in botweefsel. Om de complexvorming

mogelijk te maken moet een reductiemiddel, meestal tin(II), toe-

gevoegd worden. Naast deze technetiumverbindingen bestaat het

radiopharmacon verder nog uit een grote overmaat vrij ligand en

tin-ligand complexen.

Ondanks het feit dat deze complexen al meer dan 10 jaar in

de praktijk met succes toegepast worden, is nog erg weinig bekend

over de samenstelling van de complexen. Dit is vooral te wijten

aan de lage concentraties, waarin het complex in het radiopharma-

con aanwezig is. Wel is het de laatste jaren bekend geworden dat

het radiopharmacon bestaat uit een mengsel van technetium com-

plexen. Sommige hiervan hopen zich niet op in het botweefsel en

dragen dus alleen maar bij aan de stralingsbelasting. Daarnaast

is ook weinig bekend over de manier, waarop de complexen zich

gedragen in het lichaam. Hiernaar is wel veel onderzoek verricht,

maar de conclusies zijn vaak in tegenspraak met elkaar.

In dit proefschrift wordt een vergelijking beschreven van de

bereiding, samenstelling en eigenschappen van een drietal bot-

scanmiddelen, 99mTc(Sn)pyrofosfaat, 99mTc(Sn)MDP en 99inTc(Sn)-

HMDP. Het uiteindelijke doel is om te komen tot de selectie van

een radiopharmacon dat maximale informatie geeft over de gezond-

heidstoestand van het skelet bij een zo laag mogelijke stralings-

belasting voor de patiënt. Dit onderzoek hoopt hier een bijdrage

aan te leveren.

Bereiding en samenstelling van de botscanmiddelen

De bereiding en samenstelling van de drie botscanmiddelen *..;!

staat beschreven in de hoofdstukken 3 - 5 .
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Een radiopharmacon kan bestaan uit de volgende componenten:

technetium dat niet gereageerd heeft, gereduceerd maar niet

gecomplexeerd technetium en technetium-ligand complexen. Grote

hoeveelheden van de eerste twee componenten zijn ongewenst, omdat

ze de botscan moeilijker interpreteerbaar maken.

Het percentage Tc-ligand complex werd bepaald als functie

van de zuurgraad (de pH) en van de ligand en tin concentratie. De

componenten werden van elkaar gescheiden m.b.v. dunne laag en

papier chromatografie. De pH en de ligand concentratie hebben

weinig invloed op de complexvorming, terwijl de tin concentratie

een gunstige invloed heeft. Veranderingen in de bereidingscondi-

ties hebben wat minder invloed op de complexvorming van MDP en

HMDP dan op die van pyrofosfaat.

De aanwezigheid van verschillende Tc-ligand complexen werd

onderzocht door de radiopharmaca te scheiden m.b.v. gelchromato-

grafie. Het bleek dat de analysecondities moesten voldoen aan

zeer stringente voorwaarden, omdat anders tijdens de scheiding

veranderingen in de complexsamenstelling optraden.

De samenstelling van de verschillende radiopharmaca werd

onderzocht als functie van de pH en van de tin en ligand concen-

traties. Er werd gevonden dat een bepaald radiopharmacon kan

bestaan uit een mengsel van verschillende complexen. De aanwezig-

heid van een bepaald complex wordt vooral bepaald door de pH en

door de ligand concentratie. Voor een aantal complexen is het

mogelijk om ze in zuivere vorm te verkrijgen door geschikte

bereidingscondities te kiezen.

De chemische samenstelling van "TC(Sn)pyrofosfaat comple-

xen werd op eenzelfde manier bepaald. Dit maal werd het complex

bereid bij een veel hogere concentratie (10 mol per liter

i.p.v. 10 mol per liter) en werden ook tin en pyrofosfaat

radioactief gemerkt. Dit onderzoek staat beschreven in hoofdstuk

6. Wanneer het radiopharmacon bereid wordt bij pH 7, wordt een

complex gevormd met de samenstelling TcPyp^. Een bereiding bij pH

4 geeft een mengsel van twee complexen TcPyp en TcPyp,. Hoewel
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twee complexen dezelfde formule hebben, behoeft dit niet te

betekenen dat ze identiek zijn. Naar aanleiding van de onderzoe-

ken in hoofdstukken 3 en 4 wordt verondersteld dat de complexen

van " mTc (Sn)MDP dezelfde samenstelling hebben als di,e van
99mTc(Sn)pyrofosfaat.

Gedrag van de botscanmiddelen in het lichaam

Het gedrag van de botscanmiddelen in het lichaam (in vivo)

zegt iets over de reden, waarom ze gebruikt kunnen worden voor

het opsporen van botafwijkingen. In vivo onderzoek heeft echter

als nadeel dat slechts de som van een aantal processen gemeten

kan worden. Daarom werden de onderzoeken in een reageerbuis (in

vitro) verricht om verschillende "in vivo" processen te simule-

ren.

In hoofdstuk 7 wordt het gedrag van de drie radiopharmaca

beschreven, wanneer ze opgenomen worden in de bloedbaan. De

binding van technetium aan de bloedeiwitten en rode bloedcellen

werd gemeten. Ook ditmaal werd gebruik gemaakt van gel chromato-

grafie.

Gevonden werd dat 5 - 15 % van de Te activiteit gebonden

wordt aan de bloedeiwitten en 5 - 10 % aan de rode bloedcellen.

De rest van de Te activiteit is aanwezig in de vorm van Tc-ligand

complexen. De verschillen tussen de botscanmiddelen zijn gering.

Wel bleek dat verschillende Tc-ligand complexen van een bepaald

radiopharmacon een verschillende mate van eiwitbinding geven.

De reden hiervan werd onderzocht voor lnTc(Sn)pyrofosfaat.

De meest waarschijnlijke oorzaak is dat sommige complexen in het

bloed omgezet worden in andere complexen. Hierbij kan een compe-

titie optreden tussen de eiwitten en de pyrofosfaat groepen om te

binden aan technetium.

Bij hoge verdunningen in het bloed vindt een verdere veran-

dering plaats in de samenstelling van de Tc-ligand complexen. Dit

geldt voor alle drie radiopharmaca. Tenslotte werd een vergelij-

166



king gemaakt tussen onze resultaten en eerder gepubliceerde

onderzoeken. Een aantal factoren die kunnen leiden tot grote

onderlinge verschillen, worden besproken.

De binding aan botweefsel werd onderzocht voor "VcISn)-

pyrofosfaat. Als model voor bot werd hydroxyapatiet (een belang-

rijk bestanddeel van botweefsel) gebruikt. Dit onderzoek wordt

beschreven in hoofdstuk 8.

Er werd onderzocht in welke chemische vorm het technetium

aan bot gebonden wordt. Daarnaast werd gevonden dat verschillende

Tc-pyrofosfaat complexen in verschillende mate aan bot binden.

Een extrapolatie van de resultaten naar de in vivo situatie leidt

tot de conclusie dat het gedeelte van het radiopharmacon dat het

botoppervlak bereikt, ook kan worden gebonden onafhankelijk van

de aard van het complex.

Conclusies

Het is duidelijk dat een bepaald radiopharmacon kan bestaan

uit een mengsel van verschillende Tc-ligand complexen. De aanwe-

zigheid van een complex wordt bepaald door de bereidingscondi-

ties. In de literatuur is i.h.a. weinig aandacht besteed aan de

samenstelling van de radiopharmaca. Het is dus noodzakelijk dat

hier meer aandacht aan besteed wordt, omdat het anders onmogelijk

is om resultaten van verschillende onderzoekers met elkaar te

vergelijken.

Met betrekking tot het in vivo gedrag blijkt in de praktijk

dat de verschillende radiopharmaca met evenveel succes kunnen

worden toegepast. Anderzijds is het bekend dat op verschillende

wijze bereide preparaten van een bepaald botscanmiddel een ver-

schillend gedrag vertonen. Dit is ook in bovenstaand onderzoek

gevonden. Dit betekent dat de bovengenoemde aanbeveling in even

sterke mate geldt voor het in vivo onderzoek.
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