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Summary 

Osteosarcoma is the most common bone cancer and is responsible for 0.2% of all malignancies, 

but for 4% of childhood cancers (<14 years). The 5-year survival rate of children (10-14 years) 

had dropped from 73% to 64% between 1999 and 2007 in Europe, which emphasises the need 

for new therapy options. This thesis, as part of a FWF project, addresses this need by developing 

new potent and specific bone tracers for the diagnosis and therapy of osteosarcoma based on 

zoledronic acid. 

The aim of this work was the preclinical evaluation of the new bone tracers [99mTc]ZOL, 

68Ga-ZOL, [177Lu]ZOL and [153Sm]ZOL. The new bone tracers were successfully labelled and 

subsequent quality control with thin layer chromatography (ITLC) was performed. The new bone 

tracers were tested in a pre vivo bone binding experiments accordingly to Mitterhauser et al. in 

a concentration of 0.3µmol on hydroxyapatite (HA), amorphous calcium phosphate (ACP), 

cancellous bone (CB) and diaphysis (D) and compared with the established bone tracers 

[99mTc]DPD and [153Sm]EDTMP. [99mTc]ZOL bound higher than 15% on all bone materials; 

however, [99mTc]DPD shows 40% uptake on all bone materials. Bone binding of 68Ga-ZOL on 

artificial bone materials is comparable to [99mTc]ZOL, both ranging between 25-35%. The two 

new therapeutic bone tracers [177Lu]ZOL and [153Sm]ZOL bound similar in the range of 75-95% 

and bound significantly (p<0.01) higher than [153Sm]EDTMP on all bone materials. The 

concentration of the used bone tracer influenced the binding significantly; a comparison of 

0.3µmol [99mTc]ZOL and 0.05µmol [99mTc]ZOL (the equivalent concentration used or 

biodistribution and diagnosis in a 20g mouse) showed a significantly (p<0.001) higher binding of 

0.05µmol [99mTc]ZOL on all bone compartments. 

Comparison the data of [99mTc]DPD and [153Sm]EDTMP with published data of other 

groups showed a similar bone binding on human bone materials, but different binding values on 

artificial bone materials. For this variation no explanation is available yet. 

The experimental binding data were corrected regarding the binding of the pure 

radionuclides. The bone bindings of [99mTc]ZOL and [153Sm]ZOL are almost entirely based on the 

complex, whereas part of the bindings of 68Ga-ZOL and [177Lu]ZOL are influenced by the 

radionuclide. 

The overall evaluation of the new bone tracers in course of this thesis suggests good and 

selective bone uptake of the tracers [99mTc]ZOL and [153Sm]ZOL. J. Kreiseder has shown in her 

thesis the stability of [99mTc]ZOL and [153Sm]ZOL in murine and human plasma. Hence, these two 

new bone tracers will be further evaluated; first experiments in healthy dogs are the next step 



 

in developing new bone tracers based on zoledronic acid, since osteosarcoma in dogs and 

humans are highly translational. 

  



 

Zusammenfassung 

Osteosarkom ist der häufigste Knochenkrebs und ist für 0,2% aller Tumore verantwortlich, aber 

für 4% der Krebserkrankungen bei Kindern (<14 Jahre). Die 5-Jahres-Überlebensrate von Kindern 

(10-14 Jahre) ist in Europa zwischen 1999 und 2007 von 73% auf 64% gesunken. Dadurch wird 

die Notwendigkeit unterstrichen, neue Therapiewege zu entwickeln. Diese Diplomarbeit ist Teil 

eines FWF-Projektes, das sich die Aufgabe gestellt hat, neue wirksame und spezifische Knochen 

Tracer zur Diagnose und Therapie vom Osteosarkom auf Basis von Zoledronsäure zu entwickeln. 

Das Ziel dieser Arbeit war die präklinische Bewertung der neuen Knochentracer 

[99mTc]ZOL, 68Ga-ZOL, [177Lu]ZOL und [153Sm]ZOL. Die neuen Knochen Tracer wurden erfolgreich 

markiert und die dazugehörige Qualitätskontrolle mittels Dünnschicht-Chromatographie (ITLC) 

durchgeführt. Die neuen Knochentracer wurden in einer Konzentration von 0,3μmol im Zuge 

von pre vivo Knochenbindungsexperimenten nach Mitterhauser et al. auf Hydroxyapatit (HA), 

amorphes Calciumphosphat (ACP), Spongiosa (CB) und Diaphyse (D) getestet und mit den 

etablierten Knochentracer [99mTc]DPD und [153Sm]EDTMP verglichen. [99mTc]ZOL hat an allen 

Knochenmaterialien höher als 15% gebunden und [99mTc]DPD hat über 40% Bindung bei allen 

Knochenmaterialien gezeigt. Die Bindung von 68Ga-ZOL auf künstlichen Knochenmaterialien ist 

vergleichbar mit [99mTc]ZOL, da beide zwischen 25-35% gebunden haben. Die beiden neuen 

therapeutischen Knochentracer [177Lu]ZOL und [153Sm]ZOL haben ähnlich zueinander (75-95%) 

und signifikant (p <0,01) höher als [153Sm]EDTMP auf allen Knochenmaterialien gebunden. Die 

Konzentration der verwendeten Knochentracer beeinflusst die Bindung signifikant. Ein Vergleich 

von 0,3μmol [99mTc]ZOL und 0,05μmol [99mTc]ZOL (die äquivalente Konzentration, die in einer 

20g-Maus zur Diagnose appliziert wird) zeigte eine signifikante (p<0,001) höhere Bindung von 

0,05μmol [99mTc]ZOL auf allen Knochenmaterialien. 

Die Knochenbindungsdaten von [99mTc]DPD und [153Sm]EDTMP wurden mit 

veröffentlichten Daten anderer Gruppen verglichen und zeigten eine ähnliche Knochenbindung 

an menschlichen Knochenmaterialien, aber eine unterschiedliche an künstlichen 

Knochenmaterialien. Für dieses Phänomen im Moment ist keine Erklärung vorhanden. 

Die experimentellen Bindungsdaten wurden rechnerisch von der Radionuklid-Bindung 

korrigiert. Die Bindungen von [99mTc]ZOL und [153Sm]ZOL beruhen fast zur Gänze auf dem 

Komplex, während ein Teil der Knochenbindungen von 68 Ga-ZOL und [177Lu]ZOL vom 

Radionuklid beeinflusst wird. 

Die Gesamtbewertung der neuen Knochentracer legt eine Weiterentwicklung von 

[99mTc]ZOL und [153Sm]ZOL nahe. Zusätzlich zu dem spezifischen Knochenuptake konnte die 

murine und humane Plasmastabilität dieser beiden neuen Knochentracer von J. Kreiseder 



 

gezeigt werden. Somit sind erste Experimente bei gesunden Hunden der nächste Schritt in der 

Entwicklung neuer Knochentracer auf Basis von Zoledronsäure, da das humane und canine 

Osteosarkom translational sind.  
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technician: he is also a child confronting natural phenomena 

that impress him as though they were fairy tales.”  
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1. Introduction 

1.1. Osteosarcoma Background 

The International Classification of Childhood Cancer (ICCC) distinguishes malignant bone 

tumours between osteosarcoma, chondrosarcoma, Ewing sarcoma and related tumours of the 

bone, other specified malignant bone tumours and unspecified malignant bone tumours [1]. 

According to the Surveillance, Epidemiology, and End Results (SEER) program of the U.S. 

National Institute of Health, Osteosarcoma is the most frequent bone cancer in adults and 

between the age of 15-29 osteosarcoma and Ewing sarcoma account for three-fours of all bone 

cancers. Adding the next common bone cancer chondrosarcoma, these three account for more 

than 90% of all bone cancers diagnosed. Osteosarcoma accounts for more than 50% in children 

under 20 years, followed by Ewing sarcoma with over 30% according to SEER [2, 3]. 

Osteosarcoma as the most common bone cancer is responsible for 0.2% of all 

malignancies, but for 4% of childhood cancers (<14 years). The word “osteosarcoma” comes 

from the Greek words “osteon” (bone) and “sarcoma” (fleshly growth) [4]. 

Osteosarcoma arises typically within the metaphysis of the long bones, mostly in the 

knee area and is defined by its production of osteoid or bone or both with association of 

malignant mesenchymal cells [5, 6]. From a histological point of view, osteoid is amorphous, 

homogenous, refractive, occasionally curvilinear and randomly oriented, can show varying 

degrees of calcification and is intimately associated with the malignant cells that comprise 

osteosarcoma [7]. 

Osteosarcoma occurs in under 5-year-olds rarely, has a peak during puberty (with a 

median age of 16), declines after 20-year aged patients and shows another, smaller peak of 

incidence after the age of 60. The first and greater peak is associated with growth spurt, the 

second one often with risk factors like Paget’s disease and radiation. Among the ≤24-year-olds, 

the incidence rate of osteosarcoma is generally consistent worldwide. In contrast, incidence 

rates of Osteosarcoma after the age of 60 vary in different regions. Osteosarcoma is more 

common in males (3-5 per million) than in females (2-4 per million) under the age of 24 in most 

countries. Above the age of 60 the worldwide male-to-female ratio is 1.01:1 [4, 8]. 

A retrospective study of the consecutive neoadjuvant trials of the Cooperative 

Osteosarcoma Study Group (COSS, 1986-2007) showed that in this time-frame a total of 244 

patients with high-grade osteosarcoma were recruited in COSS trials in Austria, whereas 62.7% 

of the patients were 10-20 years old [9]. In Germany 2-3 out of 1 000 000 children (40 in total) 

under the age of 15 and in Switzerland 4-5 children and young adults between the ages 0 and 

24 develop osteosarcoma each year [10, 8].  
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At the time of diagnosis, most patients have a seemingly localized disease. Over 10% of 

the patients have distant metastases; over 85% are lung metastases and over 20% bone 

metastases. Clinical detectable primary metastases are independent unfavourable prognostic 

factors. Patients with only pulmonary metastases have a better prognosis than patients with 

metastases in other sites alone or in combination with pulmonary metastases, as well as patients 

who had a complete surgical remission (10-year survival rate of 40.3%) [11]. Nevertheless, the 

incidence of micrometastases is at least 80-90% [12]. 

SEER data show a 5-year survival rate of over 65% for patients with osteosarcoma 

younger than 45 years and a less than 45% 5-year survival rate for older patients [2]. These 

results were confirmed by EUROCARE-5 with a 5-year survival of 69% for children aged 0-14, 

whereas the 5-year survival rate for girls is 72% and for boys 66% [13]. 

EUROCARE-5 shows that between 1999 and 2007 the 5-year survival rate of children 10-

14 dropped in southern Europe from 82% to 56% (hazard ratio 1.336) and in central Europe from 

75% to 70% (hazard ratio 1.017). For Europe as a whole the survival rate dropped from 73% to 

64% (hazard ratio 1.011) [13]. 

The decreasing survival rate and the less favourable outcome of patients with 

metastases, especially with inoperable metastases, substantiate the need of new therapies for 

osteosarcoma. The conventional cytotoxic compounds used today are over 25 years old and are 

characterized by their narrow therapeutic margin, even though, novel therapeutics had been 

developed the last 20 years [14]. Osteosarcoma patients with malignant bone diseases like 

osteosarcoma would highly benefit from a selective and potent bone tracer, which could be 

used for early diagnosis as well as therapy [15]. 

 

1.2. Bone Tracers – current status 

Bone seekers have been used in nuclear medicine for over 40 years [16]. The first ones were 

bisphosphonates of the 1st generation like MDP, HEDP and DPD. DPD and MDP are still used in 

the clinical routine at the general hospital of Vienna and St. Anna Children’s hospital in Vienna. 

Later, bisphosphonates from the second generation as EDTMP were introduced. 

Bisphosphonates of the third generation like zoledronic acid are still in the research state for the 

development of new bone tracers as described in this thesis. 

Nowadays, bone tracers are routinely used for whole bone scans for osteosarcoma to 

detect bony metastases and skip metastases [17, 18, 19]. Mostly [18F]FDG-PET 

(FDG…fludeoxyglucose, PET…positron emission tomography) or [18F]FDG-PET/CT 

(CT…computed tomography) are used for this purpose and [18F]FDG-PET/CT has been shown to 

be superior in detection bone metastases (more specific and a higher accuracy) than [99mTc]MDP 
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[18, 20, 21]. Besides [18F]FDG-PET, [18F]fluoride-PET can be used for examining the 

pathophysiology of metabolic bone diseases and the response of patients to treatment too [22, 

23]. 

Osteosarcoma is considered a radiotherapy resistant tumour and therapeutic bone 

tracers are mostly applied for palliative medicine [6]. For example for the therapy of bone 

metastases caused by prostate cancer [223Ra] (Xofigo®) is used. [223Ra] is handled like calcium in 

the body. Hence, it accumulates in the bone tissues and the alpha particles destroy the bone 

metastases [24]. 

 

 MDP 
Medronic acid (MDP, methylenediphosphonate or {[Hydroxy(oxido)phosphoranyl]oxy}methyl 

phosphonate) is a bisphosphonate of the first generation (contains no nitrogen) and is often 

used as a complex with [99mTc] [25]. The structure is shown in Figure 1. 

 

[99mTc]MDP was introduced 1975 and is since the 1980ies the most used SPECT-tracer (single 

photon emission computed tomography) for whole body bone scans [26, 19]. As [99mTc]MDP can 

be prepared at room temperature, kits for labelling right before the application are 

commercially available [27]. 

[99mTc]MDP is recommended as whole body screening for the assessment of bone 

metastases of osteosarcoma [19]. [99mTc]MDP is used for scanning of bone metastases from 

breast, gastric and prostate cancer too [28, 29, 30]. However, [99mTc]MDP showed clear uptake 

along the mineralization fronts, but was only occasionally found in the substance of the osteoid 

[31]. As described in section 1.1 Osteosarcoma Background, osteosarcomas are characterized 

by osteoid and it was shown that the bone tracer binding is solely depended on mineralisation 

[32]; explaining also the poor and most of the times lack of binding to lung metastases [33, 34]. 

This emphasises the need for new specific bone tracers even more. 

Figure 1: Chemical structure of MDP. 
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Nevertheless, application of [99mTc]MDP in dogs showed an uptake in soft tissue 

carcinoma and newer research suggest [177Lu]MDP as a new bone pain palliative agent [35, 36, 

37]. 

 

 HEDP 
Etidronic acid or Hydroxyethanediphosphonic acid (HEDP) is a bisphosphonate of the first 

generation and is shown in Figure 2 [38]. 

 

 

[99mTc]HEDP was the first bisphosphonate to be introduced to clinical practice [26]. Nowadays, 

[186Re]HEDP is used for bone metastases in palliative medicine [39, 40]. 

 

 DPD 
The systematic name of DPD is Tetrasodium 2-[phosphonato(phosphono)methyl]succinate. 

Other names are 2,3-dicarboxypropane-1,1-diphosphonate, Butedronate tetrasodium (USAN), 

Teceos® and tetrasodium 2-[phosphonato(phosphono)methyl]butanedioate [41, 42]. DPD is a 

bisphosphonate of the first generation (contains no nitrogen) and is shown in Figure 3. 

 

Figure 3: Chemical structure of DPD. 

Figure 2: Chemical structure of HEDP. 
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It is used for bone scintigraphy and image areas with altered osteogenesis according to the 

package insert in Appendix B. It is the preferential bone tracer to distinguish transthyretin (TTR)-

related cardiac amyloidosis from other forms of amyloidosis [43]. 

 

 EDTMP 
(Ethylenedinitrilo)-tetramethylenephosphonic acid (EDTMP) is a bisphosphonate of the second 

generation and contains two nitrogens as shown in Figure 4. 

 

[153Sm]EDTMP is commercially available as Quadramet® as shown in Appendix C and is 

successfully used in the palliative medicine for bone pain secondary to bone metastases [44, 45]. 

It is indicated for multiple painful osteoblastic skeletal metastasis, which accumulate [99mTc]-

labelled bisphosphonates as described in the package insert in Appendix C. 

Research about [177Lu]EDTMP showed an effective bone pain palliation in patients with 

metastatic prostate and breast carcinoma [46]. 68Ga-EDTMP was tested too, but had no 

apparent advantage to [18F]fluoride [47]. 

 

1.3. Zoledronic acid (ZOL) 

In this project the focus lies on developing new bone tracers based on zoledronic acid. Zoledronic 

acid is a bisphosphonate of the 3rd generation and is one of the most potent ones [48]. 

Bisphosphonates of the 3rd generation comprise nitrogen within a heterocyclic group as shown 

in Figure 5. 

 Figure 4: Chemical structure of EDTMP. 
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Zoledronic acid pharmaceuticals are approved for osteoporosis, osteitis deformans, 

postmenopausal osteoporosis, cancer, bone fractures and hypercalcaemia by the European 

Medicines Agency [49]. Additionally, European Medicines Agency's Committee for Orphan 

Medicinal Products adopted a positive opinion to grant zoledronic acid medicine products an 

orphan designation for the treatment of complex regional pain syndrome and in combination 

with pravastatin the treatment of Hutchinson-Gilford progeria [50]. 

As shown in animal models, zoledronic acid has a several orders higher magnitude of 

affinity to calcified tissue than to noncalcified tissue and a large storage capacity for zoledronic 

acid exists [51]. 

Nitrogen-containing bisphosphonates inhibit the mevalonate pathway through 

inhibiting farnesyl pyrophosphate synthase, which results in inhibition of protein prenylation 

and production of triphosphoric acid 1-adenosin-5’yl ester 3-[3-methylbut-3-enyl] ester (ApppI), 

which both can cause osteoclast apoptosis [52, 53]. This is one of the ways how zoledronic acid 

leads to an anticancer effect. Additionally, zoledronic acid inhibits factors in the angiogenesis. 

A very important effect of zoledronic acid concerns the metastases and is called soil-

and-seed hypothesis. Circulating tumour cells in the blood can act as “seeds” for subsequent 

local and distant relapse and often adhere to the bone marrow microenvironment, which act as 

“soil”. Zoledronic acid makes the “soil” microenvironment less suitable for the “seed” [54, 55]. 

In patients with bone metastases from advanced cancers including breast cancer, 

prostate cancer, renal cell carcinoma and non-small cell lung zoledronic acid had a survival 

benefit [54]. 

Furthermore, zoledronic acid does not interfere with chemotherapy of children and 

young adults with metastatic osteosarcoma [56].  

 

Figure 5: Chemical structure of zoledronic acid. 
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1.4. New Bone Tracers 

A very strong need for new diagnostic and therapeutic bone tracers is present. An ideal bone 

tracer should have the ability to specifically trace and image the primary tumour, bone 

metastases, skip and soft tissue metastases. The radionuclide should be easy accessible, 

preferably through a generator. The new bone tracer should be fast eliminated from the blood 

system, but long enough at the site of the cancer. The list could go on and on. In Dr. Häusler’s 

FWF project, the development of new bone tracers with improved abilities is the main goal as 

described in 2.1. 

The labelling of zoledronic acid with radionuclides is not completely new [57, 58, 59]; 

nevertheless, bone tracers based on zoledronic acid are not yet developed for human 

applications. The used radionuclides [99mTc], 68Ga, [177Lu] and [153Sm] are already used in humans 

labelling first or second generation bisphosphonates and most of them are applied for 

malignancies of the bone. 

 

 Diagnostic Bone Tracers 
 

1.4.1.1. [99mTc]ZOL 
Technetium-99m ([99mTc]) is used about 25 million times each year as a radiopharmaceutical, 

approximately 80% covering of all nuclear medical procedures worldwide [60, 61]. 

Pertechnetate ([99mTc]TcO4
-) is obtained from a [99Mo/99mTc] generator and has a half-life of 6h. 

Technetium can exist in eight different oxidation states, varying from (VII) to (-I). Pertechnetate 

has the highest oxidation state (VII) and does not bind directly to any ligand. Hence, it has to be 

first reduced by a suitable ligand before using it for radiopharmaceuticals. During reduction the 

lower oxidation state is stabilised by the ligand (often SnCl2), otherwise, colloidal TcO2 is formed 

in aqueous media. Most of [99mTc]-radiopharmaceuticals have an oxidation state of (V) [62]. 

[99mTc] decays with emission of 140.5keV gamma radiation and is used for SPECT [63]. 

[99mTc]ZOL is a promising candidate to become a new bone SPECT tracer, since the radio-

labelling was already successfully performed and it’s biodistribution in the rabbit was promising 

[57, 58]. Hence, it could be used as a substitute for [99mTc]MDP. The advantage of [99mTc]ZOL 

would be the binding to osseous material; thus, targeting more precise bone metastases and 

soft tissue metastases, due to its unique way of action in the mevalonate pathway. 
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1.4.1.2. 68Ga-ZOL 
Gallium-68 (68Ga) has a half-life of 68min and decays to 89% through positron emission 

(maximum energy 1.92MeV, mean 0.89MeV). The short half-life is for a diagnostic tracer 

favourable. As this PET radionuclide is eluted from a 68Ge/68Ga generator, which can be used up 

to one year, there is no need for a cyclotron [64]. Thus, 68Ga-ZOL could be a potential PET bone 

tracer. 

 

 Therapeutic Bone Tracers 
 

1.4.2.1. [177Lu]ZOL 
Lutetium-177 ([177Lu]) is used as a therapeutic and palliative radiopharmaceutical. It has a half-

life of 6.73d and decays in beta emission (490keV), gamma emission (113keV, 3%) and with X-

ray (210keV, 11%) [65]. [177Lu]ZOL could be used for bone palliation and targeting bone and soft 

tissue metastases for therapy. 

 

1.4.2.2. [153Sm]ZOL 
Samarium-153 ([153Sm]) is used as a therapeutic and palliative radiopharmaceutical. It has a half-

life of 46.3h and decays in beta (640keV: 30%, 710keV: 50%, 810keV: 20%) and in gamma 

(103keV: 29%) emission as described in the package insert of Quadramet® (Appendix C). 

 

 

  



  9 

2. Aim 

2.1. FWF Project 

The FWF funded project “New bone seeking radiopharmaceuticals for the diagnosis & treatment 

of Osteosarcoma” from Dr. Daniela Häusler (T553-B19) combines the need of new medical 

innovations for osteosarcoma treatment and the promising bone seeking and cancer inhibiting 

abilities of zoledronic acid. The project’s aim is the development and evaluation of new bone 

seekers for the diagnosis and therapy of osteosarcoma. Furthermore, through the project the 

understanding of the mechanisms involved in uptake and binding of boneseekers will be 

deepened. 

As new improved bone tracers [99mTc]ZOL, 68Ga-ZOL and [153Sm]ZOL are to be developed 

and evaluated. They should be able to allow a more precise and earlier diagnosis of tumour and 

metastases. Through the theranostics principle, as described in 2.2, a personalised treatment 

can be achieved. 

To successfully develop and evaluate the new bone tracers, they are tested against 

established bone tracers in an in vivo model via µPET and µSPECT, in a pre vivo bone model to 

establish bone affinity and in an in vitro pathway model. Additionally, a nanoparticle formulation 

will be developed and verified via biodistribution in an in vivo model of osteosarcoma.  

 

2.2. Theranostics principle applied for zoledronic acid 

Theranostics is a principle used in the personalised medicine. The word is a construction merging 

therapy and diagnosis. It implicates that through personalised diagnosis, a personalised therapy 

can be provided. This approach is already recommended in the Quadramet® product 

information as shown in Appendix C. 

In the FWF project the theranostic principle is applied, since bone tracers for diagnosis 

and for therapy based on zoledronic acid are developed. In practice, a diagnosis bone tracer 

could be applied in an osteosarcoma patient to detect bone and skip and soft tissue metastases. 

If the bone scan is positive, a therapy bone tracer can be used. As both tracers have the same 

ligand (zoledronic acid), the therapy bone tracer will bind additionally at the metastases and 

target them specifically, thus, helping to prevent unnecessary, ineffective procedures.  
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2.3. Thesis 

This work is a part of the FWF project and the specific aims of the thesis are: 

1) Tracer preparation of new bone tracers with zoledronic acid 

Reproducible preparation of [99mTc]ZOL, 68Ga-ZOL, [177Lu]ZOL and [153Sm]ZOL with 

subsequent quality control. 

2) Reproduction of an established bone binding assay on human and artificial bone 

compartments 

The main part of the thesis is bone binding experiments performed with new bone 

tracers. 

3) Comparison of new bone tracers with conventional tracers 

Performing bone binding experiments with commercially available bone seekers and 

comparison of the results with the findings of point 2. 

4) Comparison of the data with literature 

The results of point 3 are compared with published data of other groups. 
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3. Materials and Methods 

3.1. Materials 

The used chemicals and equitments are summarised in Table 1. 

Product Origin Specifications 

Sodium pertechnetate 

(Na[99mTc]TcO4)  

Medical University Vienna, 

Nuclear medicine1 

[99Mo/99mTc]-generator  

Gallium chloride 

(68GaCl3)  

Medical University Vienna, 

Nuclear medicine2 

68Ge/68Ga-generator 

Lutetium chloride 

([177Lu]Cl3) 

Perkin Elmer Product Number: NEZ307B000MC 

Samarium chloride 

([153Sm]Cl3) 

BSM Diagnostica SM-153 chloride-RCH 

Zoledronic acid (ZOL) Novartis MTA 

DPD-Kit, Teceos® CIS bio international  

[153Sm]EDTMP, 

Quadramet® 

CIS bio international 1.3GBq 

Aqua bidestillata 

sterilis. “Fresenius” 

Fresenius Kabi  

Sodium chloride Braun „Natriumchlorid B. Braun 

Injektionslösung“, 9mg/mL 

Natrium chloratum 

physiologicum 0.9% 

S.A.L.F. S.p.A. Laboratoria 

Farmacologico 

„Meditrade“-infusion solution 

Ascorbic acid Sigma Aldrich CAS 50-81-7 

Tin (II) chloride 

dihydrate 

Merck 1.07815.0100, Lot: B391215920 

Methanol Sigma-Aldrich ≥99.9%, CAS 67-56-1 

Acetone Firker Chemical A/60600/15 

Ammonia solution 32% Merck Millipore  

                                                           

 

1 Many thanks to the RTs for providing sodium pertechnetate. 
2 Many thanks to Fritz and Ingrid for providing gallium chloride. 
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pH-indicator strips 

Acilit® 

Merck Millipore pH 0-6.0, non-bleeding, 

1.09531.0001 

pH-indicator strips 

Neutralit® 

Merck Millipore pH 5.0-10.0, non-bleeding;  

1.09533.0001  

Millex®-FG filters Merck Millipore 0.2µm, Fluoropore™ membrane 

SLFGM25LS 

Sterifix® Paed filters Braun 0.2µm, Supor® membrane 

Millex ®-GV Durapore® 

filters 

Merck Millipore 0.22µm, PVDF membrane, 33mm, 

SLGV033RS 

Millex®-GV filters Merck Millipore 0.22µm, PVDF membrane, 4mm, 

SLGV013SL  

Chromatography paper 

Whatman 3MM 

GE Healthcare CAT No.: 3030-6188 

Chromatography paper 

iTLC-SG 

Agilent Technologies SGI0001 

Vials Sarstedt 5mL, 75x12mm, PP, REF 55.526 

Hydroxyapatite Fluka Chemika Purum p.a., ≥90% (as Ca3(PO4)), 

CAS: 1306-06-5, Lot: 427660/1 

Amorphous calcium 

phosphate 

AppliChem „tri-Calciumphosphat“, extra pure 

Ph. Eur., CAS: 7758-87-4, Lot: 

3N03082 

Cancellous bone Kluger/SMZ Ost – Donauspial3 0.08mm4, 11.09.12 

Diaphysis Kluger/SMZ Ost – Donauspital 0.08mm, 11.09.12 

Hot plate Desaga  

Supermicro scales Sartorius WBP6003-d94061 

Instant Imager Packard  

Automatic γ-counter Perkin Elmer Wizard2 3’’, 2480 

Table 1: Materials and used equitment. 

 

                                                           

 

3 Many thanks to Dr. Kluger for the human bone materials. 
4 Many thanks to Prof. Viernstein for provding the facilities to mill the human bones. 
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3.2. Bone Tracer Preparation 

 [99mTc]ZOL 
Briefly, [99mTc]ZOL was prepared according to a previously described method [57, 58]: 1mL of 

zoledronic acid in saline (0.5-4mg/200-1000µL) was mixed with 400µL of a freshly prepared 

aqueous solution of stannous chloride dihydrate (1mg/mL) and 50µL of ascorbic acid (10mg/mL 

in 0.9% sodium chloride). Sodium pertechnetate (Na[99mTc]TcO4) was eluted from a commercial 

[99Mo]/[99mTc]-generator with 0.9% sodium chloride and approximately 500MBq of radioactivity 

were added to the ZOL-solution. pH of the solution was adapted to 5.5-6.0 with sodium 

hydroxide solution (0.1 and 1Mol). The mixture was vortexed for 60sec and was then allowed to 

stand for 20min at room temperature for the final complex reaction. 

 

 [99mTc]DPD 
The DPD-Kit was commercially obtained and the labelling was performed according to the 

product information as shown in Appendix B: 2-10mL pertechnetate solution was added with a 

syringe through the rubber plug. After light shakes and a complexation time of 5min [99mTc]DPD 

was obtained from the bottle with a syringe. 

 

 68Ga-ZOL 
Labelling was done according to Haeusler et al. [66]: zoledronic acid in saline (0.5-3mg/200-

500µL) was added to approximately 1GBq gallium chloride (68GaCl3) eluted from a 68Ge/68Ga-

generator. The pH of the solution was adapted to 5.5-6.0 with sodium hydroxide solution (0.1 

and 1Mol). The solution was diluted with 0.9% sodium chloride to approximately 1mL. 

 

 [177Lu]ZOL 
Labelling was done according to section 3.2.3 68Ga-ZOL [66]. Lutetium chloride ([177Lu]Cl3) was 

commercially obtained. 1.5-3.1mg zoledronic acid were dissolved in in 500-750µL physiological 

saline and approximately 500MBq were used. The pH of the solution was adopted to 5.5. 

 

 [153Sm]ZOL 
The labelling of [153Sm]ZOL is similar to the labelling of 68Ga-ZOL and [177Lu]ZOL. 2.5-3.25mg 

zoledronic acid were dissolved in 500µL physiological saline, 2-3MBq commercially obtained 

[153Sm]Cl3 were used and the pH was adjusted to 5.5-6.0. 
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 [153Sm]EDTMP 
[153Sm]EDTMP was commercially obtained. Through the rubber plug of the distribution batch 

vial, an injection needle was pierced to avoid under pressure in the bottle. [153Sm]EDTMP was 

obtained with a syringe out of the bottle. 

 

3.3. Quality Control 

The radiochemical purities of [99mTc]ZOL, 68Ga-ZOL, [177Lu]ZOL and [153Sm]ZOL were determined 

by iTLC (instant thin layer chromatography) [57, 58, 66, 67, 59]. Hence, two aliquots of 1-5µL of 

[99mTc]ZOL were applied with a syringe at 1.5cm from the bottom on each of two Whatman 3MM 

strips (3x10cm). The strips were allowed to dry and subsequently placed into developing 

chambers containing either physiological saline or acetone. After the solvent reached the end 

point (1cm from the top), the strips were removed and dried on a heated plate. The dried strips 

were analysed using a Canberra Packard Instant Imager. For 68Ga-ZOL and [177Lu]ZOL the 

lipophilic solvent acetone was replaced with ammonium acetate/methanol (1:1) and 0.1M 

sodium citrate pH 5 was used additionally. For [153Sm]ZOL the solvents H2O/NH3 (1:32) and 

sodium citrate were used. For the quality control of [99mTc]DPD H2O/NH3 (1:32) and acetone was 

used. 

To distinguish the bone tracer complex from the free radionuclide, the Rf values were 

compared to be sure that they are not overlapping. The stationary phases were either Whatman 

3MM or iTLC-SG. For the liquid phase, physiological saline, acetone, ammonium 

acetate/methanol (1:1), 0.1M sodium citrate pH 5, H2O/NH3 (1:32) and methanol/H2O/NH3 

(4:4:0.2) were used [57, 58, 66, 67, 59, 68]. 

The differences between concentrated and diluted radionuclides were tested with all 

new bone tracer complexes and radionuclides. The influences of different pH, stannous chloride 

and ascorbic acid were tested on the complexes and on the radionuclides of [99mTc]ZOL, 

[177Lu]ZOL and [153Sm]ZOL. 

The influence of remaining moisture of the probe on the quality was tested.  

 

3.4. Bone Binding experiments 

The binding experiments followed the method published by Mitterhauser et al. [69] and a 

simplified scheme is shown in Figure 6. Briefly, to 3mg bone material (hydroxyapatite, 

amorphous calcium phosphate, cancellous bone and diaphysis) 3mL Hank’s Balanced Salt 

Solution (HBSS) was added and incubated in a water bath-shaker at 37°C over night. The next 

day, the radiolabelled bisphosphonate [57, 58, 59] was added and incubated for 2h at 37°C in 
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the water bath-shaker. An aliquot of 50µL was suspended in 2mL of physiological saline. Three 

50µL aliquots of this suspension were pipetted into gamma-counter-vials and the tip was 

discarded into the measure vial (V1-3). The rest was filtered through a Millex-FG® single use filter. 

Three 50µL aliquots of the filtrate were pipetted into gamma-counter-vials and the tip was again 

discarded into the vial (N1-3). The radioactivity of the 6 samples was measured in the gamma-

counter. 

The irreversible binding of the bone tracers was calculated as percent binding 

(VM)=100*[AM(Vi)–AM(Ni)]/AM, AM = arithmetic mean. 

 

 

 

 Filter experiments 
To subtract the unbound bone tracer complex trapped in the filter, the same experiments as 

above were performed with vials without bone materials and no incubation period was applied. 

37°C/over night 

37°C/120min 

68Ga 99mTc 

153Sm 

 

 Figure 6: Scheme of the bone binding experiment. 

177Lu 
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Filter correction5 

The filter correction was calculated as filter value(1-4) = [FVM + VM]/100 * FVM. 

The result of 4 iterative arithmetic operations was subtracted from VM. 

 

FVM … Filter value, measured in filter experiment 

VM … Value, measured in binding experiment 

 

 Example from the thesis 
The following practical example uses the data obtained from 06.12.12 as shown in Appendix A. 

The used bone tracer was [99mTc]ZOL and it was tested on hydroxyapatite (HA) and amorphous 

calcium phosphate (ACP). 

After the extraction of the raw data from the γ-counter, the arithmetic mean and 

standard deviation of all triple measurements were calculated as shown in Appendix A. The bone 

binding was calculated as % binding (VM=100*[AM(Vi) – AM(Ni)]/AM) as shown in Table 2. 

Then the arithmetic mean and the standard deviation of the samples was calculated. 

HA: (HA1+HA2+HA3+HA4+HA5+HA6)/5=32% (±6%); ACP: 26% (±4%). 

To calculate the filter correction, the arithmetic mean and the standard deviation of all 

filter experiments were calculated. As A3 was an outlier, this value was not included in the 

calculation (A3 is marked orange in Appendix A). 

(A1+A2+A4)/2=2.78% (±0.8%) 

 

For the filter correction, four iterative calculations had to be done. 

A step by step calculation for HA: 

1. iterative calculation: 

((2.78+(100-31.59))/100)*2.78=1.98 

2. iterative calculation: 

((1.98+(100-31.59))/100)*1.98=1.39 

3. iterative calculation: 

((1.39+(100-31.59))/100)*1.39=0.97 

4. iterative calculation: 

((0.97+(100-31.59))/100)*0.97=0.67 

% bone binding HA calculated = 32%-0.67%=31% 

                                                           

 

5 Many thanks to Dr. Stefan Tögel for explaining the calculations. 
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An overview of the filter correction calculation of HA and ACP (06.12.12) is shown in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

  

% bone 
binding 
measured 
(VM) 

Filter 
value 
measured 
(FVM) 

Iterative filter 
correction   

% bone 
binding 
calculated 

HA: 31.59 2.78 1.98 1.39 0.97 0.67 31 

ACP: 26.34 2.78 2.12 1.61 1.21 0.91 25 

 Table 3: Demonstration of iterative filter correction of HA and ACP. 

Sample Tc-99m-CPM 
Arithmetic 
mean 

Standard 
deviation 

Calculation % bone 
binding 

HA 1 268662.23 272,275.73 18,399.45 100*(272.275.73-  

 292213.85   192.308.71)/272.275.73= 29 

  255951.11        

HA 1 F 192050.58 192,308.71 447.72   

 192049.86     

  192825.69        

 Table 2: Demonstration of the calculation of % bone binding. 
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4. Results 

4.1. Bone Tracer Preparation 

 Bone Tracers based on Zoledronic Acid 
Radiolabelling of zoledronic acid was successful for all nuclides; parameters are summarized in 

Table 4. 

 

 Quality Control 
A suitable quality control was performed for all new bone tracers; an overview of the different 

chemical purities is shown in Table 5.  

 

Bone 

Tracer 

ZOL/ 

0.9% NaCl 

SnCl2 

(1mg/mL) 

Ascorbic 

Acid 

(10mg/mL 

0.9% NaCl) 

pH Incubation 

Time 

Temperature 

[99mTc]ZOL 0.5-4mg/ 

200-1000µL 

400µL 50µL 5.5-6.0 20min room 

temperature 

68Ga-ZOL  0.5-3mg/ 

200-500µL 

x x 5.5-6.0 20min room 

temperature 

[177Lu]ZOL 1.5-3.1mg/ 

500-750µL 

x x 5.5 20min room 

temperature 

[153Sm]ZOL  2.5-3.25mg/ 

500µL 

x x 5.5-6.0 20min room 

temperature 

 Table 4: Summary of labelling conditions for new bone tracers. 

Bone Tracer Radiochemical 

purity in % 

n 

[99mTc]ZOL 96.7 ±4% 28 

68Ga-ZOL 85.7 ±9% 6 

[177Lu]ZOL 88.5 ±7% 6 

[153Sm]ZOL 96.6 ±2% 6 

 
Table 5: Overview of the chemical purity of 
different new bone tracer. 
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 [99mTc]ZOL 
Radiolabelling of zoledronic acid with the nuclide [99mTc] evinced mean chemical purity of 

96.7±4% (pH 5.5-6.0, n=28). The remaining 3.3% were found to be colloidal impurities. The 

highest achieved value of chemical purity was 99.8%. For the quality control 0.9% sodium 

chloride and acetone were used as liquid phases and Whatman 3MM as stationary phase. In the 

system with sodium chloride, the complex migrates with Rf=1, the pertechnetate with Rf=0.7 

and the colloid remains at the origin. In the acetone system, pertechnetate migrates with Rf=1 

and colloid and the complex remain at the origin. A quality control example is shown in Figure 

7. 

 

 

 

 [99mTc]DPD 
Radiolabelling of DPD with the nuclide [99mTc] evinced mean chemical purities of 97.9±2% (n=4) 

with the highest value of 100%. For the quality control H2O/NH3 (1:32) and acetone were used 

as liquid phases and Whatman 3MM as stationary phase. In the system with H2O/NH3, the 

complex migrates with Rf=1, the pertechnetate with Rf=0.7 and the colloid remains at the origin. 

In the acetone system, pertechnetate migrates with Rf=1 and colloid and the complex remain at 

the origin. A quality control example is shown in Figure 8. In a system with sodium chloride the 

complex migrates with Rf=1 and the pertechnetate with Rf=0.7 and the colloid remains at the 

origin. The differences between iTLC with H2O/NH3 and sodium chloride are shown in Figure 8. 

 

Figure 7: iTLC quality control of [99mTc]ZOL on 
Whatman 3MM. 

sodium 
chloride 

acetone 
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 68Ga-ZOL 
Radiolabelling of zoledronic acid with the nuclide 68Ga evinced chemical purity of 85.7±9% (pH 

5.5-6.0, n=5). The remaining 14.8% were found to be impurities, most likely pure, unreacted 

gallium chloride. The highest value was 95.9%. For the quality control 0.9% sodium chloride, 1M 

ammonium acetate/methanol (1:1) and 0.1M sodium citrate pH 5 were used as liquid phases 

and Whatman 3MM as stationary phase. For sodium chloride the Rf for the complex is 1 and for 

the free radionuclide 0.7-0.8 with a strong smearing from Rf=0 on. For ammonium 

acetate/methanol the Rf for the complex and the free nuclide is 0. For sodium citrate the Rf for 

the complex and the free nuclide is 1. Rf=0 of colloid in all three systems. However, as can be 

depicted from Figure 9 (sodium acetate) there is no colloidal impurity within the probe. A quality 

control example is shown in Figure 9. 

 

 

 

H2O/NH3 
sodium 
chloride 

Figure 8: iTLC quality control of [99mTc]DPD on Whatman 3MM. 
 

H2O/NH3 acetone 

 

Figure 9: iTLC quality control of 68Ga-ZOL on Whatman 3MM. 

NaCl ammonium 
acetate/methanole 

sodium citrate 
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 [177Lu]ZOL 
Radiolabelling of zoledronic acid with the nuclide [177Lu] evinced chemical purity of 88.5±7% (pH 

5.5-6.0, n=5). Remaining 11.8% were found to be impurities, most likely most likely pure, 

unreacted lutetium chloride. The highest value was 98.3%. For the quality control 0.9% sodium 

chloride, 0.1M sodium citrate pH 5 and 1M ammonium acetate/methanol (1:1) were used as 

liquid phases and Whatman 3MM as stationary phase. In the ITLC system with sodium chloride, 

Rf of the complex is 1 and [177Lu]Cl3 remains at the origin. In the ITLC system with sodium acetate, 

Rf=1 for the complex and [177Lu]Cl3. In both systems, colloid remains at the origin. In ammonium 

acetate/methanol system complex, radionuclide chloride and colloid remain at the origin. 

However, as can be depicted from Figure 10 (sodium citrate) there is no colloidal impurity within 

the probe. A quality control example is shown in Figure 10. 

 

 

 

 [153Sm]ZOL 
Radiolabelling of zoledronic acid with the nuclide [153Sm] evinced chemical purity of 96.6±2% 

(pH 5.5-6.0, n=5). Remaining 3.4% were found to be impurities, most likely pure, unreacted 

samarium chloride. The highest value was 98.7%. For the quality control H2O/NH3 (1:32) and 

0.1M sodium citrate pH 5 were used as liquid phases and Whatman 3MM as stationary phase. 

Rf is 1 for the complex and Rf is 0 for the free radionuclide in the ITLC H2O/NH3 system. Rf is 1 for 

the complex and for the free radionuclide in the ITLC sodium citrate system. However, as can be 

depicted from Figure 11 (sodium acetate) there is no colloidal impurity within the probe. A 

quality control example is shown in Figure 11. 

 

Figure 10: iTLC quality control of [177Lu]ZOL on 
Whatman 3MM. 

sodium 
citrate 

NaCl ammonium 
acetate/methanole 



22    

 

 

 

4.2. Filtration 

To prepare a sterile bone tracer for application in vivo, [99mTc]ZOL was filtered through different 

filters to evaluate which one adsorbs the least of the bone tracer complex. A summary of the 

results are presented in Table 6. The influence of the filtration on the complexion were minor; 

with 97.7±0.4% the quality control of the unfiltered bone tracer is better than the filtered with 

94.2±5.6% (n=3, every quality control was performed twice) as shown in Figure 12. 

 

 

Figure 11: Testing different iTLC-systems for quality control of [153Sm]ZOL. At top the 
stationary phase iTLC-SG and below Whatman 3MM. MeOH…methyl alcohol 

iTLC-SG 

Whatman 3MM 

H2O/NH3 NaCl 

MeOH/H2O 
/NH3 

sodium 
citrate 

acetone 

ammonium 
acetate/MeOH 

Filter % adsorbed in filter n 

Millex®-GV 56% 1 

Millex®-GV Durapore® 69% 1 

Millex-FG® 60% 1 

Sterifix® 31 ±0.04% 3 

 Table 6: Summary of sterile filtration of [99mTc]ZOL. 
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4.3. Bone Binding Experiments 

The binding experiments were performed with the bone tracers [99mTc]ZOL, [99mTc]DPD, 

[177Lu]ZOL, [153Sm]ZOL and [153Sm]EDTMP on hydroxyapatite, amorphous calcium phosphate, 

cancellous bone and diaphysis. 68Ga-ZOL was tested on hydroxyapatite and amorphous calcium 

phosphate. The bone tracers were used in a concentration of 0.3µmol, except for [99mTc]ZOL, 

which was used in a concentration of 0.05µmol additionally. A compilation of the results (given 

in % filter corrected binding) is shown in Table 7. 

 

 Statistical analysis of the obtained data 
Each bar represents the filter-corrected arithmetic mean of 4 binding experiments of 0.3µmol 

bone tracer in percent, except stated otherwise. Each experiment consisted of 4-9 samples of 

each bone material. The error bars represent the standard deviation. Each measurement was 

 

Figure 12: Comparison of ITLC of unfiltered and filtered 
[99mTc]ZOL. Stationary phase was Whatman 3MM. 

unfiltered filtered 

NaCl 

acetone 

97.7±0.4 
94.2±5.6 
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performed in triplicate. p-values were calculated and marked as highly significant (p≤0.001, ***), 

very significant (p≤0.01, **) and significant (p≤0.05, *). 

 

 

 Bone tracers for diagnostic purposes 
A comparison of the bone binding of the new bone tracer [99mTc]ZOL and the commercially 

available [99mTc]DPD is shown in Figure 13. Bone binding of the two tracers over 15% on all bone 

compartments could be observed. However, statistical analyses showed a significantly higher 

binding of [99mTc]DPD on hydroxyapatite (p=0.00011) and amorphous calcium phosphate 

(p=0.00034) and a significantly higher binding on cancellous bone (p=0.024) in comparison to 

[99mTc]ZOL. 

Bone tracer HA ACP CB D 

0.05µmol [99mTc]ZOL 64 ±6 64 ±4 70 ±6 79 ±4 

0.3µmol [99mTc]ZOL 33 ±5 29 ±6 15 ±0.6 28 ±5 

0.3µmol [99mTc]DPD 72 ±2 56 ±4 41 ±7 42 ±6 

0.3µmol 68Ga-ZOL 27 ±3 32 ±3   

0.3µmol [177Lu]ZOL 91 ±9 89 ±9 78 ±9 88 ±6 

0.3µmol [153Sm]ZOL 95 ±4 94 ±4 78 ±9 85 ±6 

0.3µmol [153Sm]EDTMP 25 ±2 23 ±2 22 ±3 16 ±2 

 Table 7: Binding of bone tracers on hydroxyapatite (HA), amorphous calcium 
phosphate (ACP), cancellous bone (CB) and diaphysis (D) in %. 
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A comparison of [99mTc]ZOL and 68Ga-ZOL on hydroxyapatite and amorphous calcium phosphate 

is shown in Figure 14. Whereas [99mTc]ZOL binds higher on hydroxyapatite than 68Ga-ZOL, the 

bone binding on amorphous calcium phosphate is vice versa. However, statistical analyses show 

no significant differences between the two bone tracers. 

 

 

 

 

* 

Figure 13: Binding of bone tracers for diagnostic purposes. The bindings were tested on hydroxyapatite
(HA), amorphous calcium phosphate (ACP), cancellous bone (CB) and diaphysis (D) in a concentration of 
0.3µmol. Values are given in % as arithmetic mean n=4 (±sd). 

*** 

*** 

 

Figure 14: Binding of bone tracers for diagnostic purposes. The bindings were tested on hydroxyapatite
(HA) and amorphous calcium phosphate (ACP) in a concentration of 0.3µmol. Values are given in % as 
arithmetic mean of at n=4 (±sd). 
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A comparison of [99mTc]ZOL in the concentrations of 0.3µmol and 0.05µmol is shown in Figure 

15. Statistical analyses show a significantly higher binding of 0.05µmol [99mTc]ZOL on all bone 

materials in comparison to 0.3µmol [99mTc]ZOL (hydroxyapatite: p=0.00019, amorphous calcium 

phosphate: p=0.00009, cancellous bone: p=0.00024, diaphysis: p=0.00013). 

 

 

 Differences between artificial and human bone materials of 
diagnostic bone tracers 

 

[99mTc]ZOL 

Statistical analyses of 0.3µmol [99mTc]ZOL show a significantly higher binding of hydroxyapatite 

(p=0.0037) in comparison to cancellous bone and a significantly higher binding of amorphous 

calcium phosphate (p=0.014) in comparison to cancellous bone as shown in Figure 13. 

Statistical analyses of 0.05µmol [99mTc]ZOL show a significantly higher binding of 

diaphysis in comparison to amorphous calcium phosphate (p=0.0055) and a significantly higher 

binding of diaphysis in comparison to hydroxyapatite (p=0.014) as shown in Figure 15. 

 

[99mTc]DPD 

Statistical analyses of [99mTc]DPD show a significantly higher binding of diaphysis (p=0.0093) in 

comparison to hydroxyapatite and a significantly higher binding of cancellous bone in 

 

Figure 15: Binding of [99mTc]ZOL in concentrations 0.3µmol and 0.05µmol. The bindings were tested on 
hydroxyapatite (HA), amorphous calcium phosphate (ACP), cancellous bone (CB) and diaphysis (D). Values are 
given in % as arithmetic mean of n=4 (±sd).  

*** 

*** 
*** *** 
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comparison to the artificial bone materials hydroxyapatite (p=0.015) and amorphous calcium 

phosphate (p=0.046) as shown in Figure 13. 

 

 Bone tracers for therapeutic purposes 
A comparison of the new bone tracers [177Lu]ZOL and [153Sm]ZOL and the commercially available 

[153Sm]EDTMP is shown in Figure 16. A bone binding of more than 75% of the new bone tracers 

on all bone compartments could be observed, whereas the bone binding of the commercially 

available [153Sm]EDTMP was never higher than 25%. 

Statistical analyses show a significantly higher binding of [177Lu]ZOL on all bone materials 

in comparison to [153Sm]EDTMP (HA: p=0.00048, ACP: p=0.00027, CB: p=0.00055, D: p=0.00039). 

[153Sm]ZOL binds significantly higher on cancellous bone (p=0.0044) and on diaphysis (p=0.0015) 

and significantly higher on hydroxyapatite (p=0.00022) and on amorphous calcium phosphate 

(p=0.000039) in comparison to [153Sm]EDTMP. 

 

 

 Differences between artificial and human bone materials of 
therapeutic bone tracers 

 

[177Lu]ZOL 

Statistical analyses of [177Lu]ZOL show no significant differences between the bone binding on 

artificial and human bone materials as shown in Figure 16. 

 

Figure 16: Binding of bone tracers for therapeutic purposes. The bindings were tested on hydroxyapatite
(HA), amorphous calcium phosphate (ACP), cancellous bone (CB) and diaphysis (D) in a concentration of 
0.3µmol. Values are given in % as arithmetic mean of n=4, except n=3 of [153Sm]ZOL (±sd).  

*** *** *** *** 
** ** *** *** 
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[153Sm]ZOL 

Statistical analyses of [153Sm]ZOL show no significant differences between its binding on artificial 

and human bone materials as shown in Figure 16. 

 

[153Sm]EDTMP 

Statistical analyses of [153Sm]EDTMP show a significantly higher binding on the artificial bone 

materials hydroxyapatite (p=0.0024) and amorphous calcium phosphate (p=0.0101) in 

comparison to diaphysis as shown in Figure 16. 

 

 Comparison of bone tracers for diagnostic and therapeutic 
purposes 

A comparison of all tested bone tracers with emphasis on the differences between the bone 

tracers is shown in Figure 17. 

Statistical analyses show significantly higher binding of [177Lu]ZOL in comparison of 

[99mTc]ZOL (hydroxyapatite: p=0.00022, amorphous calcium phosphate: p=0.000060, cancellous 

bone: p=0.00084, diaphysis: p=0.000023). [153Sm]ZOL binds significantly higher in comparison to 

of [99mTc]ZOL on hydroxyapatite (p=0.000015), amorphous calcium phosphate (p=0.0000086), 

diaphysis (p=0.0004) and cancellous bone (p=0.006). [99mTc]ZOL binds significantly higher than 

[153Sm]EDTMP on hydroxyapatite (p=0.037) and diaphysis (p=0.034) and [153Sm]EDTMP binds 

significantly higher than [99mTc]ZOL on cancellous bone (p=0.046). 

[177Lu]ZOL and [153Sm]ZOL bind significantly higher than 68Ga-ZOL ([177Lu]ZOL: HA: 

p=0.00043, ACP: p=0.00021; [153Sm]ZOL: HA: p=0.00011, ACP: p=0.000026). 68Ga-ZOL binds 

significantly higher on amorphous calcium phosphate (p=0.024) than [153Sm]EDTMP. 

[177Lu]ZOL binds significantly higher on diaphysis (p=0.00062), amorphous calcium 

phosphate (p=0.0019), cancellous bone (p=0.002) and hydroxyapatite (p=0.022) than 

[99mTc]DPD. [153Sm]ZOL binds significantly higher on amorphous calcium phosphate 

(p=0.000081), hydroxyapatite (p=0.0057), cancellous bone (p=0.0052) and diaphysis (p=0.0011) 

than [99mTc]DPD. [99mTc]DPD binds significantly higher on hydroxyapatite (p=0.000000066), 

amorphous calcium phosphate (p=0.000016), cancellous bone (p=0.030) and diaphysis 

(p=0.012). 
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Figure 17: Binding of bone tracers on hydroxyapatite (HA), amorphous calcium phosphate (ACP), 
cancellous bone (CB) and diaphysis (D) in a concentration of 0.3µmol. Values are given in % as arithmetic 
mean 
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5. Discussion 

5.1. Preparation of new bone tracers 

 [99mTc]ZOL and 68Ga-ZOL 
The preparation of [99mTc]ZOL and 68Ga-ZOL followed by protocols showed stable results [57, 58, 

66]. 

 

 [177Lu]ZOL 
The preparation of [177Lu]ZOL was already published by Majkowska et al. and the protocol is very 

alike to the protocol for 68Ga-ZOL from Haeusler et al. [59, 66]. The differences are the pH 

adjustments. In Majkowska et al. the complexion takes place at pH 2 for 30min and the pH is 

adjusted to 6-7 afterwards [59]. In Haeusler et al. the pH is adjusted to 5.5-6.0 and the 

complexion takes place 20min at this pH range [66]. For this work, the preparation was oriented 

to Haeusler et al. and the pH adjustment was changed to 5.5 as the preparation is very pH 

sensitive. 

In a new protocol from Nikzad et al. the pH is adjusted to 7-8.5 after a 60min incubation 

time and the metal:ligand ratio is 1:50 [70]. 

 

 [153Sm]ZOL 
The preparation of [153Sm]ZOL was done the first time in this work. The labelling could be 

performed with the protocol of Haeusler et al. for 68Ga-ZOL [66]. It is no surprise that the 

protocol worked for [153Sm]ZOL too as it was already established that the protocol worked for 

another lanthanide [177Lu]ZOL. Nevertheless, the liquid phases of the ITLC for the quality control 

was adapted to H2O/NH3 and sodium acetate. Testing revealed that [153Sm]ZOL is not as pH 

sensitive as [177Lu]ZOL and therefore the pH was adjusted to 5.5-6.0. 

 

The preparations of [177Lu]ZOL and [153Sm]ZOL could not be improved by adding stannous 

chloride or ascorbic acid. 

In conclusion the preparations of the new bone tracers are easy and fast to perform. 
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5.2. Quality Control 

The labelling of [99mTc]ZOL and [153Sm]ZOL had a better radiochemical purity than [177Lu]ZOL and 

68Ga-ZOL as shown in Table 5. Even though, [153Sm] and [177Lu] are both lanthanides, [177Lu]ZOL 

and 68Ga-ZOL have a similar behaviour [71]. 

For all bone tracers Whatman 3MM was chosen as the solid phase as in comparison to 

iTLC-SG the handling is easier. iTLC-SG strips can break easier and the coating can be destroyed 

if not carefully handled. Furthermore, the developing time can be longer with iTLC-SG strips. As 

Whatman 3MM systems are comparable to iTLC-SG systems, for all new bone tracers Whatman 

3MM is the first choice [72]. 

The results of the testing of using a liquid or dry form of the probe on chromatography 

paper, when applied in the developing chambers, suggests that the differences are minor. For a 

better reproducibility and comparability, it is better to use the dried version. 

To test the ITLC systems with the free radionuclides with the same conditions as the 

complexes was important to validate the Rf of free radionuclide in the ITLC systems. Through 

comparing the performance between the free radionuclide and the complex, a suitable ITLC 

system for all bone tracers could be found. 

 

 [99mTc]ZOL 
The quality control of [99mTc]ZOL was the most successful of the new bone tracers and is shown 

in Figure 7. The chemical purity of 96.7±4% is in line with Durak et al. (over 95%), but lower as 

in Asikoglu et al. (over 99%) [57, 58]. A chemical purity over 99% could be only achieved in 54% 

of the experiments (15 out of 28). The quality control is easy to perform and could be replicated.  

 

 [99mTc]DPD 
The labelling of [99mTc]DPD was always successful. An example of a quality control is shown in 

Figure 8. The chemical purity of 97.9±2% is better than any of the new bone tracers used in this 

thesis, as is the highest value 100%. The impurities are to be found colloid. 

The quality control of [99mTc]DPD was adopted from iTLC-SG (quality control protocol of 

the clinic as shown in Appendix D) to Whatman 3MM for the reasons stated above. The liquid 

phases were changed to NH3/H2O and acetone to reduce smearing. 

 

 Smearing of [99mTc]ZOL and [99mTc]DPD 
The smearing of [99mTc]DPD is not as distinct as [99mTc]ZOL as shown in Figure 7 and Figure 8, but 

still visible. More smearing of [99mTc]DPD occurred with the liquid phase 0.9% sodium chloride 
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as shown in Figure 8, which is the standard liquid phase for [99mTc]ZOL. The reason for the 

smearing is probably a weakening of the binding of [99mTc] through the dilution of the complex 

and followed by an interaction of [99mTc] with the medium or hydrolysis to colloid. This problem 

is known for over 30 years and 0.9% sodium chloride was recommended for less smearing [74, 

75, 76]. Further, J. Kreiseder recommended a solution of 0.9% sodium chloride and 1M HCl (10:1) 

for even less smearing [71]. 

 

 68Ga-ZOL 
With 85.7±9% the radiochemical yield of 68Ga-ZOL is the lowest of all new bone tracers and is 

shown in Figure 9. On the one hand, 85% is below a level which would be suitable for in vivo and 

on the other hand, the standard deviation shows irregularities between the labelling. The quality 

control itself is not as clear as the other bone tracers are. As the Rf of the complex is 1 and the 

Rf from the 68GaCl3 is 0.7-0.8 and a smearing effect occurs, an overlap cannot be ruled out. 

Additionally, a smearing starting from the origin occurred with 68Ga-ZOL with sodium chloride 

as liquid phase as shown in Figure 9. Unfortunately, a better quality control system could not be 

found. 

The impurities of the quality control of 68Ga-ZOL cannot be allocated for sure to 68GaCl3 

or colloid. Noteworthy, if the was pH>6, the labelling was not as successful as otherwise. 

Through changes in pH, the presentation of free gallium changes too. How exactly free gallium 

ions appear, is not clear. According to Zhou et al., between pH<3.5 and pH>9.5 insoluble 

amorphous Ga(OH)3 and the soluble [Ga(OH)4]− are built. In consequence, a white precipitate 

can appear [77]. In contrast, Hacht shows that a polynuclear hydroxide [Ga4(OH)11]- is built 

between approximately pH 3 and 7.5 with its peak about at pH 7 and [Ga(OH)4]− start to occur 

at pH 6 [78]. Nevertheless, in the range pH 5.5 to 6 as it was used, Ga(OH)3 could be built, 

especially when the pH was over 6. If gallium oxides and gallat are the only impurities cannot be 

verified. The different forms of gallium at pH 5.5-6.0 could be an explanation for the smearing 

in the ITLC as shown in Figure 9. The forming of Ga(OH)3 is influenced by the complex building 

time [79]. Through a fast adjustment of the pH to 5.5-6.0 a better radiochemical purity may be 

achieved. 

Another explanation could be the same as for the smearing of [99mTc]ZOL: if the complex 

is weak and diluted, 68Ga could react with the medium or hydrolyse to colloid [74, 75, 76]. 

However, Mitterhauser et al. showed that the quality control of 68Ga-EDTMP had a tailing after 

5min migration time, which was gone after 300min [47]. 300min is too long for practical use, but 

it would show that the smearing is not a product of impurities. 
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 [177Lu]ZOL 
The quality control is shown in Figure 10. The radiochemical purity 88.5±7% is not satisfying and 

the standard deviation of 7% shows a great variety between the values. Nevertheless, the 

highest value with 98.3% shows that a sufficient complexion is achievable. The impurities are 

likely to be [177Lu]Cl3. The radiolabelling of [177Lu]ZOL is very pH sensitive and a pH≤6 decreased 

the radiochemical purity. An explanation for this phenomenon could be the pH-dependent self-

association of lanthanides, which occur with a greater pH [80]. 

In a new protocol from Nikzad et al. a HPLC method for the quality control is described: 

20min, 1mL/min flow rate, pressure: 130kgF/cm2, eluent:water:acetonitrile 3:2 (v/v), stationary 

phase: reversed phase column Whatman Partisphere C18 4.6x250mm, scintillation detector [70]. 

If this HPLC works, it would be a step in the right direction to ensure a good quality product. 

 

 [153Sm]ZOL 
The quality control of [153Sm]ZOL shows a satisfying result with 96.6±2% and is shown in Figure 

11. Nevertheless, the high radiochemical purities of [99mTc]ZOL of 99.8% could not be achieved 

as the highest value was 98.7%. The impurities are likely to be [153Sm]Cl3. [153Sm]ZOL labelling is 

less pH sensitive than [177Lu]ZOL. Nevertheless, a self-association could occur too [80]. 

 

In conclusion, the quality control with ITLC is suitable for the new bone tracers. Nevertheless, a 

quality control with HPLC would increase the validity as cold zoledronic acid would be detected 

too. First experiments to research a HPLC method were performed in the working group with 

no leading results. The HPLC protocol of Nikzad et al. has to be further evaluated. If it works, it 

may be applied to the other bone tracers, too. 

 

5.1. Filtration 

For the preparation of parenteralia, methods and materials are needed to ensure sterility and 

avoid contamination and growth of microorganisms [81]. For this purpose a sterile filtration 

after the preparation is needed. As filters have different adsorption properties, different filters 

were tested to verify which has the lowest adsorption. The Sterifix® filter has the lowest 

adsorption of [99mTc]ZOL with 31±0.04% as shown in Table 6. As the Sterifix® filter had a much 

lower adsorption in the first round of experiments, only the adsorption from it was verified. 
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5.2. Bone Binding Experiments 

The tested bone tracers evinced partly significant differences in irreversible bone binding, as 

shown in Figure 17. [177Lu]ZOL and [153Sm]ZOL bind significantly higher than [99mTc]ZOL and 68Ga-

ZOL. [153Sm]ZOL binds significantly higher in comparison to [153Sm]EDTMP. These results suggest 

that the binding is dependent on both, the ligand and the nuclide, which is consistent with 

Mitterhauser and Toegel [82]. Mitterhauser and Toegel state that the bone binding is influenced 

by the radionuclide too, as it influences the conformation and stability of the complex. Secondly, 

after the radionuclide is released from the complex, physicochemical characteristics (such as 

charge, as ionic radius) influence the binding to bone minerals [82]. 

The therapeutic bone tracers [153Sm]ZOL and [177Lu]ZOL show the highest bone binding of 

all bone tracers, as shown in Figure 17. They are followed with decreasing binding by [99mTc]DPD, 

[99mTc]ZOL, 68Ga-ZOL and with the lowest binding [153Sm]EDTMP. These results show that 

zoledronic acid could be used as a ligand in diagnostic and therapeutic bone tracers. This finding 

strengthens the concept to use zoledronic acid bone tracers as tools. 

 

 Diagnostic bone tracers 
[99mTc]DPD is an established bone tracer and is used for bone scintigraphy as described in the 

package leaflet of Teceos®. Even though, [99mTc]ZOL binds significantly lower as [99mTc]DPD as 

shown in Figure 13, [99mTc]ZOL could be a new and improved bone tracer for scintigraphy, since 

it is hypothesized to reliably visualize soft tissue metastases. 

[99mTc]ZOL was tested in a concentration of 0.05µmol additionally as it represents the 

concentration of 0.1mg applied to a 20g mouse for diagnosis purposes. As described in Asikoglu 

et al., this is a similar concentration to the maximum therapeutic dose tested in the clinical trials 

of 8mg i.v. per patient (0.1mg/kg for a 70kg patient) [58]. The influence of the concentration of 

the ligand has a significant effect on the bone binding as shown in Figure 15, especially on human 

bone materials. 

68Ga-ZOL has about the same bone bindings affinities as [99mTc]ZOL. However, J. 

Kreiseder showed that 68Ga-ZOL is not stable in murine and human plasma [71]. A possible 

explanation for this phenomenon could be the hydrolysis to [Ga(OH)4]− (gallat) [83]. This leads 

to the conclusion, that 68Ga-ZOL is not suitable as a new bone tracer. This is unfortunate, as 68Ga-

ZOL could have been a very useful generator based PET-Bone-Tracer. Additionally, for a 68Ga-

bone tracer no cyclotron is needed and a 68Ge/68Ga generator can be used potentially up to 1 

year or even longer. In comparison, a [99Mo/99mTc] generator can be used one week. Moreover, 

production shortages of [99Mo/99mTc] generators could still occur in the future. Therefore, an 



  35 

alternative diagnostic bone tracer based on zoledronic acid would have been a great advantage 

[84, 85, 86, 87]. 

 

 Differences between artificial and human bone materials of 
diagnostic bone tracers 

Interestingly, 0.3µmol [99mTc]ZOL binds higher on artificial bone materials than on human bone 

materials, whereas 0.05µmol [99mTc]ZOL binds higher on human materials as shown In Figure 15. 

This is unusual, as it would not have been expected from the same bone tracer such a difference 

in binding characteristics merely through change in concentration. 

0.3µmol [99mTc]DPD binds on diaphysis and cancellous bone nearly the same, but it binds 

more than 15 percentage points more on hydroxyapatite than on amorphous calcium 

phosphate. On the contrary, 0.3µmol [99mTc]ZOL bound nearly the same on hydroxyapatite and 

amorphous calcium phosphate and nearly 15 percentage points higher binding on diaphysis than 

on cancellous bone. 

 

 Therapeutic bone tracers 
[177Lu]ZOL and [153Sm]ZOL have a similar bone binding behaviour. Both bone tracers have nearly 

the same % binding and bind highest on HA, followed by ACP, D and CB as shown in Figure 16. 

Both new bone tracers bind significantly higher than the established [153Sm]EDTMP. 

These results suggest that [153Sm]ZOL and [177Lu]ZOL are very promising bone tracers for 

therapeutically purposes and both could be used for bone pain palliation as [153Sm]EDTMP is 

used now [88]. 

Unfortunately, [177Lu]ZOL is not stable in murine and human plasma [71]. This leads to 

the conclusion that [177Lu]ZOL is not a suitable candidate for a new bone tracer. 

 

 

 Differences between artificial and human bone materials of 
therapeutic bone tracer 

[177Lu]ZOL and [153Sm]ZOL have a similar bone binding on all bone compartments as shown in 

Figure 16. Binding on cancellous bone is less (78%) than on the other bone materials (85-95%). 

[153Sm]EDTMP binds significantly higher on the artificial bone materials than on diaphysis as 

shown in Figure 16. 
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5.3. Comparison with previously published data 

The experiments were conducted with a concentration of 0.3µmol derived from the papers from 

Mitterhauser et al. 2004 and 2005 [69, 89]. 

Table 8 gives an overview of the binding of [99mTc]DPD and [153Sm]EDTMP on artificial 

and human bone materials from Mitterhauser et al. [69, 89] and from this work. Diaphysis 

consists of cortical bone; hence, the results can be compared.  

 

The bone binding values of [99mTc]DPD on human bone was comparable between Mitterhauser 

et al. and this work. However, the binding on artificial bone was found to be significantly higher 

(HA: p=0.0027, ACP: p=0.003) than in Mitterhauser et al. as shown in Figure 18. 

 

 

 

The differences of bone binding of [153Sm]EDTMP between Mitterhauser et al. and this work on 

human bone materials are highly significant (HA: p=0.000008, ACP: p=0.00044) and very 

 

Figure 18: Comparison of the data of [99mTc]DPD with the data obtained from Mitterhauser et al. 2004 
and 2005 [69,89]. 

** 

** 

 [99mTc]DPD [153Sm]EDTMP 

  MM et al Thesis MM et al Thesis 

HA 30 ±5 72 ±2 52 ±1 25 ±2 

ACP 23 ±6 56 ±4 47 ±3 23 ±2 

CB 48 ±3 41 ±7 27 ±1 22 ±3 

D/Co 51 ±5  42 ±6 28 ±3  16 ±2 

 
Table 8: Comparison of the thesis bone binding data with the data of Mitterhauser et 
al. [69,89]. Values are given in % as arithmetic mean (±sd). Co…cortical bone 
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significant on diaphysis/cortical bone (p=0.0028) as shown in Figure 19. The bone binding of 

[153Sm]EDTMP does not differ between the different bone materials much in this work. In 

Mitterhauser et al., the binding on artificial bone materials are much higher than the ones on 

human bone materials as shown in Figure 19. 

 

 

Comparing the binding of [99mTc]DPD and [153Sm]EDTMP on artificial bone materials, [99mTc]DPD 

bound higher in this work, in contrast, [153Sm]EDTMP bound higher in Mitterhauser et al. At this 

point there is no explanation for this drastic difference. Differences in the used bone materials 

as well as the operator could have influenced the outcomes. Nevertheless, these parameters 

seem not to sufficiently explain a variation this high. 

Majkowska et al. 2009 tested zoledronic acid bone tracers on hydroxyapatite with a 

different bone binding protocol [59]. A comparison of the bone binding protocols between 

Majkowska et al. [59] and Mitterhauser et al. [69] are shown in Table 9. 

However, the bone binding results of [177Lu]ZOL (91±9% on 3mg HA) of the thesis and 

Majkowska et al. (98% on 5mg HA) [59] are nearly the same. 

The comparison of the binding values of the thesis with the published data of 

Mitterhauser et al. shows that even with the same experimental protocol the results can vary. 

Interestingly, although the protocols of Majkowska et al. differs, the results of [177Lu]ZOL are 

similar.  

Whether the two protocols (Majkowska et al. and Mitterhauser et al.) can be directly 

compared in a wider range (for other tracers) cannot be verified so far. 

 

Figure 19: Comparison of the data of [153Sm]EDTMP with the data obtained from Mitterhauser et al. 
2004 and 2005 [69,89]. 

 

*** 
*** 

** 
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Work Step Mitterhauser et al. Majkowska et al. 

Used hydroxyapatite Hydroxyapatite purum p.a. 

(Fluka Chemika) 

Hydroxyapatite Bio-Gels 

HTP Gel (Bio-Rad 

Laboratories) 

Amount of HA 3mg, 0mg for filter correction 1, 2, 5, 10, 20, 50mg, 0mg 

for test experiments 

Incubation liquid HBSS Saline solution (ph=7.4) 

Incubation time before 

adding bone tracers and 

temperature 

12h, 37°C 1h, ? 

Amount of added bone 

tracers 

0.3µmol 50µL of 1.4-28mg dissolved 

ligand, ligand-to-metal 

molar ratio 5:1 to 200:1 

Incubation time after adding 

bone tracer and temperature 

2h, 37°C 24h, room temperature 

Preparation of samples Suspensions were filtered 

through Millex-FG® 

Suspensions were 

centrifuged 

Taking samples 3 aliqotes before and after 

filtering 

2 aliquotes from the 

supernatant liquid 

Measurement gamma-counter well-γ-scintillation counter 

Calculation VM=100*[AM(Vi)–AM(Ni)]/AM 

and FV(1-4)=[FVM+VM]/100*FVM 

(cf. Materials and Methods) 

HB=(1−A/B)×100 

HB…percentage binding to 

hydroxyapatite 

A…mean radioactivity value 

of the sample 

B…mean value of the 

“blank” 

 Table 9: Comparison of the bone binding protocols of Mitterhauser et al. [69] and Majowska et al. [59]. 
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5.4. Correction of Bone Tracer Binding 

Since it is known that pure nuclides can also bind to bone specimen [18, 90], not all of the 

observed binding can be referred to the complex. The nuclide itself can show binding affinity to 

the bone materials as shown in Table 10, data obtained from J. Kreiseder [71]. 

 

As the radiochemical purities of the bone tracers are not 100%, the free radionuclide has an 

influence on the binding. Therefore, the calculation beneath was performed: 

 

Calculation: 

BNuc*RCI%=X 

100–X=Y 

Binding%*Y=corrected binding 

 

BNuc…Binding in % of the nuclide 

RCI%…% of radiochemical impurities (obtained from the quality control) 

Binding%…Binding in % of the bone tracer complex 

 

The binding of the radionuclides were used from J. Kreiseder 2014 [71] and the results are shown 

in Table 11 and Table 12. 

 

 

 

 

 

 

 

% 
irreversible 
bone 
binding of: 

[99mTc]TcO4
- 

Arithmetic 
mean n=3 

68GaCl3 

Arithmetic 
mean n=3 

[177Lu]Cl3 

Two 
values 

[153Sm]Cl3 

Two 
values 

HA 0.33 ±0.3 46 ±3 100 98 1 2 

ACP 0.86 ±0.7 38 ±11 100 98 0.9 2 

Co 0.33 ±0.7 50 ±14 96 92 0.1 0.2 

D 0.12 ±2 31 ±9 93 89 0.6 2 

 Table 10: % bone binding of radionculides to artificial and human bone materials, data 
obtained from J. Kreiseder [71] 
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The differences between the bone binding data and the corrected data are influenced by 

nuclides. [177Lu]Cl3 has the highest bone binding, followed by 68GaCl3. The calculation results 

show that the bone tracers with these two nuclides are not as promising for new bone tracers 

as bone tracers labelled with [99mTc]TcO4
- or [153Sm]Cl3. The bone binding of [99mTc]ZOL and 

[153Sm]ZOL is based on the bone tracers themselves and not on the nuclides. The new bone 

tracers [99mTc]ZOL and [153Sm]ZOL are the two most promising bone tracers based on these 

results. 

Nevertheless, this calculation is an approximation. It is not possible to calculate how 

much of the binding is due to the bone tracer complex or the free radionuclide. Especially the 

results of 68Ga-ZOL and [177Lu]ZOL should be handled with caution, as their radiochemical 

purities were below 90%. 

  

Bone Tracer HA ACP 

 % experimental % corrected % experimental % corrected 

0.05µmol [99mTc]ZOL 64 ±6 64 ±6 64 ±4 64 ±4 

0.3µmol [99mTc]ZOL 33 ±5 33 ±5 29 ±6 29 ±6 

0.3µmol 68Ga-ZOL 27 ±3 21 ±5 32 ±3 26 ±3 

0.3µmol [177Lu]ZOL 91 ±9 77 ±13 89 ±9 75 ±12 

0.3µmol [153Sm]ZOL 95 ±4 95 ±4 94 ±4 94 ±4 

Table 11: Comparison of % bone binding on artificial bone materials of thesis with % bone binding corrected. 

Bone Tracer CB D 

 % experimental % corrected % experimental % corrected 

0.05µmol [99mTc]ZOL 70 ±6 70 ±6 79 ±4 79 ±4 

0.3µmol [99mTc]ZOL 15 ±0.6 15 ±0.5 28 ±5 28 ±5 

0.3µmol [177Lu]ZOL 78 ±9 63 ±15 88 ±6 72 ±12 

0.3µmol [153Sm]ZOL 78 ±9 78 ±9 85 ±6 85 ±6 

 Table 12: Comparison of % bone binding on human bone materials of thesis with % bone binding corrected. 
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6. Conclusio and Outlook 

This work enabled an important step in the development of the new bone tracers [99mTc]ZOL, 

68Ga-ZOL, [177Lu]ZOL and [153Sm]ZOL. Not only could the already published protocols for 

[99mTc]ZOL, 68Ga-ZOL and [177Lu]ZOL be verified, a new protocol for the production of [153Sm]ZOL 

was developed [57, 58, 66, 59]. The labelling of [153Sm] with zoledronic acid could be achieved 

under the same conditions as 68Ga-ZOL from Haeusler et al.’s protocol [66]. The corresponding 

quality controls could be further developed. Nevertheless, a tailing occurred in all ITLC and a 

smearing in the ITLC from [99mTc]ZOL and 68Ga-ZOL; hence, further development (as conducted 

from J. Kreiseder) is still preferable [71]. 

The bone binding experiments based on Mitterhauser et al.’s protocol showed an 

irreversible binding of over 15% for the diagnostic bone tracers and over 75% for the therapeutic 

bone tracers on artificial and human bone materials [69]. Even though [99mTc]ZOL binds 

significantly less than [99mTc]DPD on artificial bone materials, it is still a promising candidate for 

a new diagnostic bone tracer. Furthermore, since it is considered to be affine to lung metastases 

and reliably visualize them, this new tracer could be superior to [99mTc]DPD. Although 68Ga-ZOL 

has a comparable binding profile in regard of artificial bone materials as [99mTc]ZOL, J. Kreiseder 

showed an instability in murine and human plasma [71]. Hence, 68Ga-ZOL is no longer a suitable 

candidate for a new PET bone tracer. [177Lu]ZOL and [153Sm]ZOL in comparison to [153Sm]EDTMP 

significantly bound higher on all bone compartments. Based on these data both therapeutic 

bone tracers would have been suitable candidates; however, J. Kreiseder showed a murine and 

human plasma instability for [177Lu]ZOL, leaving [153Sm]ZOL as promising candidate [71]. As 

[99mTc]ZOL and [153Sm]ZOL showed specific and clear bone uptake and are stable in murine and 

human plasma, they are the highly promising candidates for further development and 

evaluation [71]. 

The data obtained from this work was compared to the published data from 

Mitterhauser et al. and Majkowska et al. [59, 69]. This work followed the protocol of 

Mitterhauser et al.; nevertheless, the bone binding was significantly different on the artificial 

bone compartments. Even though, different operators and materials could vary the results, a 

difference as high as experienced cannot be explained by these factors. On the contrary, the 

bone binding on hydroxyapatite of [177Lu]ZOL of this work is comparable to Majkowska et al. 

The calculated bone binding correction with radionuclide bone binding data from J. 

Kreiseder showed that the bone binding of [99mTc]ZOL and [153Sm]ZOL are based on the complex 

and not on the radionuclide. Consequently, it underlines the promising development of 

[99mTc]ZOL and [153Sm]ZOL. 
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Thus, [99mTc]ZOL and [153Sm]ZOL will be evaluated further in the course of the FWF 

project. Currently both bone tracers are tested in mice for biodistribution and [99mTc]ZOL will be 

applied to healthy dogs, as the osteosarcoma in dogs is very alike the human osteosarcoma [91, 

92]. 

Taken together, the new bone tracers [99mTc]ZOL and [153Sm]ZOL as theranostics, could 

lead to a more precise and earlier diagnosis of tumours and metastases and a personalised 

therapy. 
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Appendix A  γ-Counter data experiment 06.12.12 

06.12.2012 
HA, ACP 

HA: n=6 

ACP: n=5 

Radiochemical purity: 97.4% (NaCl) 

[99mTc]ZOL  

  
wp (mg) 

Tc-99m 

CPM 

Arithmetic 

mean 

Standard 

deviation 

% bone 

binding 

BG   107.94 109.6 3.34   

    107.41       

    113.44       

A 1   334420.28 328,769.13 4,984.78 2.02 

    326890.36       

    324996.75       

A 1 F   324008.29 322,126.91 2,312.10   

    319545.76       

    322826.69       

HA 1 3.04 268662.23 272,275.73 18,399.45 29 

    292213.85       

    255951.11       

HA 1 F   192050.58 192,308.71 447.72   

    192049.86       

    192825.69       

HA 2 3.01 303676.46 293,015.69 9,646.04 27 

    284891.2       

    290479.42       

HA 2 F   215647.65 215,073.45 507.12   

    214686.89       

    214885.81       

HA 3 3.03 283478.28 294,358.44 14,176.83 31 

    289206.11       

    310390.93       

HA 3 F   200805.88 203,793.06 2,607.12   

    205610.15       

    204963.14       

HA 4 3.03 341537.63 302,715.55 34,103.23 35 



 

III 

    277589.18       

    289019.83       

HA 4 F   197786.78 197,938.02 1,180.46   

    199186.82       

    196840.47       

HA 5 3.04 359600.02 328,845.66 45,302.49 41 

    350114.65       

    276822.3       

HA 5 F   193099.47 193,139.96 976.83   

    192184       

    194136.41       

HA 6 3.02 262104.79 261,096.29 5,051.87 27 

    265567.83       

    255616.24       

HA 6 F   193537.05 190,780.07 3,214.91   

    191554.46       

    187248.69       

BG   172.9 168.6 15.2   

    181.19       

    151.72       

A 2   271651.85 272,351.44 820.81 2.66 

    273255       

    272147.47       

A 2 F   250423.18 265,109.80 13,395.52   

    268249.86       

    276656.36       

BG   148.66 136.12 12.19   

    124.31       

    135.39       

A 3   267980.57 268,927.93 3,166.79 0.52 

    272460.28       

    266342.95       

A 3 F   270409.34 267,536.03 2,586.19   

    265394.78       

    266803.96       



IV 

ACP 1 3.03 266680.67 265,331.58 3,375.34 25 

    261490.35       

    267823.72       

ACP 1 F   203746.93 199,405.03 3,771.40   

    197524.55       

    196943.6       

ACP 2 2.99 258994.85 248,216.34 11,921.13 25 

    235412.15       

    250242.01       

ACP 2 F   186644.66 186,774.52 355.01   

    186502.72       

    187176.17       

ACP 3 3.04 298506.63 285,293.02 21,035.86 33 

    261035.22       

    296337.22       

ACP 3 F   189171.07 191,642.08 3,751.66   

    195959.07       

    189796.1       

ACP 4 3.04 265370.06 275,011.08 25,152.45 27 

    303557.82       

    256105.36       

ACP 4 F   196672.09 200,087.42 2,971.20   

    201512.81       

    202077.37       

ACP 5 2.97 243232.55 236,327.54 8,478.16 22 

    238885       

    226865.06       

ACP 5 F   179852.66 184,287.78 5,161.41   

    189953.15       

    183057.52       

BG   101.46 99.88 8.05   

    91.16       

    107.02       

A 4   259750.7 254,522.12 5,231.40 3.65 

    249287.9       



 

V 

    254527.75       

A 4 F   242958.29 245,226.31 2,006.21   

    246768.92       

    245951.72       

Raw data extracted from γ-Counter of binding experiment of [99mTc]ZOL on HA and ACP. A … activity (no bone 
materials used); F…filtered; BG…background, γ-counter measurments of empty vials; CPM…counts per minute, data 
from the γ-counter. 
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