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Abstract

Introduction—The present investigation focuses on the chemical and biological fate of 89Zr in 

mice. Electrophoreses of 89Zr solvated or chelated in different conditions are here presented. The 

biological fate of mice injected with [89Zr]Zr-oxalate, [89Zr]Zr-chloride, [89Zr]Zr-phosphate, 

[89Zr]Zr-desferrioxamine and [89Zr]Zr-citrate is studied with the biodistribution, the clearances 

and PET images. A special focus is also given regarding the quality of 89Zr bone accumulation.

Methods—Electrophoreses were carried out on chromatography paper and read by gamma 

counting. Then, the solutions were intravenously injected in mice, imaged at different time points 

and sacrificed. The bones, the epiphysis and the marrow substance were separated and evaluated 

with gamma counts.

Results—The clearances of [89Zr]Zr-chloride and [89Zr]Zr-oxalate reached 20% of ID after 6 

days whereas [89Zr]Zr-phosphate was only 5% of ID. [89Zr]Zr-citrate and [89Zr]Zr-DFO were 

noticeably excreted after the first day p.i.. [89Zr]Zr-chloride and [89Zr]Zr-oxalate resulted in a 

respective bone uptake of ~15% ID/g and~20% ID/g at 8 h p.i. with minor losses after 6 days. 

[89Zr]Zr-citrate bone uptake was also observed, but [89Zr]Zr-phosphate was absorbed in high 

amounts in the liver and the spleen. The marrow cells were insignificantly radioactive in 

comparison to the calcified tissues.

Conclusion—Despite the complexity of Zr coordination, the electrophoretic analyses provided 

detailed evidences of Zr charges either as salts or as complexes. This study also shows that weakly 

chelated, 89Zr is a bone seeker and has a strong affinity for phosphate.
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INTRODUCTION

Zirconium (Zr) was discovered by Klaproth in 1789 as zircon in the form of orthosilicate. It 

was first isolated as a metal by Berzelius in 1824. For a long time Zr was used in an impure 

form, that of zircon, with industrial applications that included fabrication of fake diamonds; 

but at that time, Zr was of very little attention in the medical field [1].

During the atomic testing period of the 1950’s and 1960’s, 93Zr and 95Zr emerged as 

important fission products. Much of the early studies of the radiochemistry of zirconium 

were published in the 1960 NAS report [2]. One major point in the publication was that 

ZrO(PO4)2 had a solubility product of 2.28 × 10−18 and that it could be precipitated in this 

form from 20% sulfuric acid. Zr has a common oxidation state of +4 and the hexaaqua ion 

Zr(H20)6
+4 only exists in very low Zr concentrations and in highly acidic aqueous solutions. 

In neutral solutions, in the absence of any complexing agents, Zr is mostly found as a 

polynuclear and polymeric form [3, 4].

The early interests in fission / fallout lead to animal studies to investigate the biological 

distribution of 93Zr and 95Zr in the 1950’s and 1960’s. These included the toxicity [5] and 

the biodistribution of 95Zr in rats or in mice [6, 7]. These works showed the high affinity of 

Zr to the bones by autoradiography and its low toxicity in rats.

The last decade has seen a rising interest for the use of 89Zr as a potential PET (Positron 

Emission Tomography) isotope for the labeling of monoclonal antibody for in vivo cancer 

imaging [8–11]. The long half-life of 89Zr (t1/2 = 78.41 hours) is compatible with the 

relatively slow blood clearance of most IgGs used in radioimmunodiagnosis (t1/2 = 1–2 

days). The slow blood clearance often means that the maximum tumor accumulation of an 

IgG at the tumor is around 3–5 days. The 89Zr tracer is commonly attached via a 

desferrioxamine (DFO) moiety conjugated to the antibody. Two main conjugation methods 

are in use. One deals with a succinic acid linker between the amine of the DFO and an amine 

of the antibody [8] and the other involves a p-Isothiocyanatobenzyl-desferrioxamine 

derivative [12]. The latter method has the advantage of vastly simplifying the conjugation 

procedure using commercially available p-Isothiocyanatobenzyl-desferrioxamine and a one-

step method.

This advantageous half-life and conjugation strategy has led to the development and the 

coming clinical trials of 89Zr-DFO-J591 and 89Zr-DFO-trasuzumab at MSKCC [9]. Despite 

the interest, a number of questions have arisen regarding the stability of the Zr-DFO 

complex in a long term study in physiological conditions (on the order of days). An 

increasing contrast of the bones was observed in mice three days following the 89Zr-DFO-

J591 injection (~9% ID/g) [9], which was not detected at such extended time points with 

labeled 111In-DOTA-J591 or 177Lu-DOTA-J591 [13, 14]. Therefore, the postulated high 

stability of Zr-DFO chelate conjugated to the antibody does not match with the observed 

non specific uptake of 89Zr by the bones. It can be hypothesized that either the attachment of 

Zr-DFO to the antibody is not resistant enough after immuno-recognition or that the Zr is 

transmetallated.
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The present study attempts to address these questions using electrophoresis characterization 

of 89Zr solvated in different ionic conditions (in saline and in phosphate buffer saline) 

or 89Zr chelated by different biologically relevant species such as oxalate, citrate or DFO 

and looking at the biological fate of these species. The biodistribution, clearances and 

imaging of each injection species are presented here and discussed. A special focus is also 

given regarding the bone accumulation of 89Zr.

MATERIAL and METHODS

All chemicals were purchased at Sigma-Aldrich (St Louis, Mo, USA)

Preparation of [89Zr]Zr-oxalate in (1M) oxalic acid

The purification and the isolation of 89Zr was performed as described earlier [15]. The 

supplied [89Zr]Zr-oxalate was neutralized with NaCO3 [1M] and diluted with saline (0.9 % 

NaCl) to give a final oxalate concentration of 10 mM.

Preparation of [89Zr]Zr-chloride

[89Zr]Zr-oxalate (containing 10 μL of 1M oxalic acid) was evaporated to dryness 100–

110°C under a stream of nitrogen and then digested with 20 μL of hydrochloric acid (37%) 

and 20 μL nitric acid (70%) (ratio 1:1). The mixture was then dried again at 100–110°C. 

This procedure was repeated several times. The residue was diluted in glacial acetic acid and 

heated until complete dryness. The resulting preparation was dissolved in saline. The final 

pH was 5.

Preparation of [89Zr]Zr-phosphate

The same protocol as detailed above was followed for the preparation of [89Zr]Zr-

phosphate. A modification of the final step saw the addition of PBS (Phosphate Buffer 

Saline) in the place of saline. The pH of that preparation reached 6.

Preparation of [89Zr]Zr-desferrioxamine (DFO) and [89Zr]Zr-citrate

The [89Zr]Zr chloride solution was mixed with an aqueous solution of 50 mM DFO or 50 

mM of sodium citrate and the metal complex allowed to form at ambient temperature.

Characterization of the chemicals

Each preparation of the radionuclide was characterized using electrophoresis. The solutions 

were migrated on chromatography paper (Whatman paper 3MM CHR; Whatman Int. Ltd., 

Maidstone, EN). The strips were sized 203 mm length and 20 mm width, and the solutions 

spotted at the center of the strip (101.5 mm from its edge). The strips were bathed in acetate 

buffer (50 mM, pH=6.5) in a horizontal electrophoresis chamber submitted to a 220V and 

10mA electric current delivered by a Hoefer Scientific instrument (Holliston, MA, USA) 

power supply. The electrophoresed strips were run for 3h, and were read using a Bioscan 

System 200 Imaging scanner (Washington, DC, USA). All these chromatograms were run 

twice and are displayed in Fig. 1 with the cathode standing on the left side and the anode on 

the right side of the strip.
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In vivo experiments and PET Imaging

All animal experiments were performed following the rules and guidelines of the National 

Institute of Health (NIH) and the Institutional Animal Care and Use Committee [16]. Each 

trial was performed triplicate. Groups of female NIHS, were intravenously injected in the 

tail with [89Zr]Zr chloride, [89Zr]Zr-oxalate, [89Zr]Zr-phosphate, [89Zr]Zr-citrate and 

[89Zr]Zr-DFO (740 KBq in 200μL). The mice were imaged (1, 3, 8, 24 hours and 6 days 

post injection (p.i) with 10 min scan length) under anesthesia by inhalation of 1% isoflurane 

(Baxter Healthcare, Deerfield, IL, USA) / oxygen gas mixture (flow rate: 2 L.min−1) using 

micro-PET Focus® 120 scanner. PET scans were reconstructed with Concorde 

Microsystems software. Groups of animals, injected with [89Zr]Zr-chloride, [89Zr]Zr-oxalate 

and [89Zr]Zr-phosphate were sacrificed and biodistribution studies were performed at 4 h, 8 

h and 6 days p.i.. Those injected with [89Zr]Zr-citrate and DFO were sacrificed and 

dissected at 6 days p.i.. The collected organs were weighed and measured, with 89Zr 

standards, using a gamma counter (Wizard 1480, Perkin Elmer, Waltham, MA, USA) and 

the %ID/g of 89Zr in each organ calculated. The whole body clearance of activity was also 

determined by repeatedly measuring each mouse in a dose calibrator (CRC127R, Capintec 

Inc., NJ, USA) over the course of the study.

Separation and activity distribution of the marrow cells and the bones

A representative group of mice with high bone uptake of 89Zr were studied in more detail. 

The tibia and the femur of the mice were harvested. The epiphysis of both the femur and the 

tibia were first removed, then, the shafts of the femur and the tibia were flushed with a 

known volume and weight of saline in order to remove the marrow cells. The resulting 

solution was weighted and the extracted marrow was quantified by subtracting the original 

weight of saline. The bones, the epiphysis and the collected marrow substance were 

analyzed with a gamma count.

RESULTS

Electrophoresis of the chemical solutions

Fig. 1 displays the results of electrophoresis. It can be seen that [89Zr]Zr-chloride (A) and 

[89Zr]Zr-phosphate (C) have hardly migrated from their initial point, showing a thin sharp 

peak nearby the origin. This is indicative of non-charged species. [89Zr]Zr-oxalate (B) 

showed a broader peak than [89Zr]Zr-chloride. The peak stretches towards the anode due to 

being a positively charged species. A slight migration of the activity is also apparent, 

towards the cathode. As expected, [89Zr]Zr-DFO electrophoresis (D) shows a peak of 

activity tending to the anode side, well-distinguished from the starting point and matching 

with the known charge of +2 for (Zr-DFO-Ms)+2 [15]. Finally, [89Zr]Zr-citrate displays 

signs of radioactivity indicative of both neutral and negatively charged species.

In vivo experiments: clearance and biodistribution

Fig. 2 displays the results of the activity retained in the body up to 6 days p.i. For all the of 

the chemical species, the profile of clearance appears as a relative flat line after the first day 

of injection, indicating a body activity constant up to 6 days. The clearances of [89Zr]Zr-

Abou et al. Page 4

Nucl Med Biol. Author manuscript; available in PMC 2015 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chloride and [89Zr]Zr-oxalate reached 20% of the ID after 6 days while [89Zr]Zr-phosphate 

was hardly cleared following 6 days, with only 5% of activity loss. The mice injected with 

[89Zr]Zr-citrate cleared about 30% of the ID the first day and 35% after 6 days. Finally, 

[89Zr]Zr-DFO was completely excreted after the first day of injection.

The biodistribution results are presented Fig. 3 and 4. [89Zr]Zr-chloride (A) and [89Zr]Zr-

oxalate (B) have similar profiles with an important activity uptake in the bones: ~20% ID/g 

for [89Zr]Zr-oxalate and ~15% ID/g for [89Zr]Zr-chloride over 8 h p.i. with a minor loss of 

bone activity of 2 to 3% after 6 days. A small difference is noted regarding the blood 

activity at 4 and 8 h p.i. with a higher amount for [89Zr]Zr-oxalate (~8%ID/g) compare to 

[89Zr]Zr-chloride (~4%ID/g). In both cases, the blood activity decreases dramatically after 6 

days. Up to three hour p.i., the heart and the lungs also accumulated some activity (see the 

PET image, Fig. 5) disappearing after 6 days. [89Zr]Zr-phosphate (C) was very quickly 

absorbed in high amounts in the liver and the spleen, likely due to a precipitate form of this 

compound. [89Zr]Zr-phosphates bone activity was much weaker than that of [89Zr]Zr-

chloride and [89Zr]Zr-oxalate.

A summary of the biodistribution results, for all of the species 6 days p.i. is found in Fig. 4. 

[89Zr]Zr-chloride and [89Zr]Zr-oxalate have bone uptake as the most significant constituents 

of accumulation with a very little activity lost post 6 days. The bone uptake of [89Zr]Zr-

citrate is also noticeable whereas the bone uptake of [89Zr]Zr-phosphate is negligible. The 

high activity in the spleen and the liver for [89Zr]Zr-phosphate indicates that this species has 

not been excreted, as correlated with the clearance (Fig. 2). The distribution of [89Zr]Zr-

DFO is barely detectable at this final time point in comparison to the other groups. Further, 

only the kidneys were slightly radioactive 6 days following the injection.

Focus on bones and bone marrows

More than 99 % of the whole sample activity was located in the bones and the epiphyses 

respectively 33% (0.96 % ID/g) and 66% of the whole bone activity (1.92 % ID/g). The 

extracted marrow cells were insignificantly radioactive in comparison to the calcified tissues 

(0.1% of the total activity of the bones).

DISCUSSION

The electrophoresis of [89Zr]Zr-chloride is in accordance with reported studies describing 

the polynuclear and polymeric forms of Zr, when hydrolyzed in the near neutral pH region 

[3, 4]. When solvated in acetate buffer at pH=6.5, Zr may be octachelated likely by 

hydroxides, water molecules and chlorides resulting in a colloidal form. By the effect of 

mass of the polymeric structure, the Zr species stagnate at the origin as if the overall charge 

was neutral, probably due to a low charge / mass ratio (Fig. 1.A). However, investigations of 

the biodistribution results indicate very little activity accumulated in the liver and the spleen. 

This suggests that as soon as Zr is injected it is likely dissolved in the blood and loses its 

colloidal form. The blood activity measured after the first 8 h p.i. confirms this observation 

and matches previous data reporting that free zirconium binds plasma proteins [17]. The 

heart and the lungs, highly vascularized organs, also show a high activity with [89Zr]Zr-

chloride and [89Zr]Zr-oxalate up to 8 h p.i. (Fig. 5). This activity was then rapidly cleared in 
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favor of an enhancement of the bone uptake. Indeed, Zr shows a high affinity for the bones 

as displayed in the PET images (Fig. 5), for example, the whole mouse backbone is clearly 

visible. The separation of the marrow cellular compartment from the bone also demonstrates 

the strong affinity of Zr for the bones and joints.

In the neutralized [89Zr]Zr-oxalate preparation, Zr4+ is probably octachelated by four 

oxalates, resulting in an overall charge of −4 [18]. This hypothesis matches the anion 

displayed on electrophoresis results (Fig. 1-B). Alternatively, the positively charged species 

could be attributed to different forms of cationic Zr simultaneously chelated by a 

combination of hydroxides, water molecules and oxalates. Regarding Zr-oxalate clearance, 

only 20% is cleared after 6 days p.i. versus 35% for [89Zr]Zr-citrate or 100% for [89Zr]Zr-

DFO. In the present case, when Zr is chelated, the radioactivity is significantly cleared from 

the mice body. The clearance of [89Zr]Zr-oxalate (bidentate chelator [18]) is relevant as it 

resembles an unstable complex at physiological pH, in comparison to [89Zr]Zr-citrate 

(tridentate chelator, moderately stable [19]) or [89Zr]Zr-DFO (hexadentate chelator, stable 

complexes [20]). In addition, the biodistribution of [89Zr]Zr-oxalate is characteristic of Zr 

itself with a strong affinity for the bones and the joints (see PET image, Fig. 5).

In the case of [89Zr]Zr-citrate, the electrophoresis and the biodistribution show some proof 

of Zr decomplexation. The electrophoretic analysis indicate a significant peak of activity 

matching with [89Zr]Zr-chloride, and the bone uptake was relatively consequent 6 days p.i. 

(~13% ID/g).

Zr4+ forms an insoluble salt with the phosphate and precipitates in water [2, 19, 21] as 

observed in Fig. 1.C in which all the activity is concentrated at the origin point of the 

electrophoreses. The insolubility of [89Zr]Zr-phosphate in water consequently implies a high 

uptake in the liver and the spleen, persisting after 6 days. The high affinity of Zr4+ to 

phosphonate is also in line with the bone uptake results observed for [89Zr]Zr-chloride. In 

fact, this affinity seems to be so strong that only a couple of percent of the bone activity is 

released and cleared from the body after 6 days.

The concentration of [89Zr]Zr-oxalate injected in this study is 10 mM (V=200μL) close to 

the mice LD50 of oxalate: 155 mg/kg (1.8 mmol/kg) via intraperitoneal injection [22]. In 

addition, oxalate is reported as a potential neuro and cardiotoxic agent in humans [23] [24]. 

Therefore, looking upon the similar biodistribution of [89Zr]Zr-chloride and [89Zr]Zr-

oxalate and knowing the strong toxicity of this latest, [89Zr]Zr-chloride would preferably be 

used to [89Zr]Zr-oxalate for a potential medical purpose.

The decreasing blood activity, the constant bone activity and the absence of activity in the 

marrow compartment are strong evidences that free 89Zr is specifically accumulated in the 

non-soft tissue, mineralized constituents of the bone. The information provided by the bone 

dissection and the PET imaging (Fig. 5-[89Zr]Zr-chloride and [89Zr]Zr-oxalate) shows that 

the epiphysis, mostly constituted of cartilage, carry the majority of the bone activity. This 

result is in line with a statement of Wuthier, R.E et al [25], explaining the high mineral 

content in the matrix of calcified cartilage compare to bone in calf. It is very likely that 89Zr 

is chelated by hydroxylapatite, phosphates constituents of bones and epiphysis [26]. This 
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hypothesis is also confirmed by the strong affinity of 89Zr with the phosphate observed 

when Zr was dissolved in PBS.

In the present study, [89Zr]Zr-DFO was immediately cleared from the system, without any 

sign of bone uptake. In the context of [89Zr]Zr-DFO-traztuzumab administration, the 

hypothesis that specific cleavage of the intact [89Zr]Zr-DFO from the antibody would not 

lead to Zr bone uptake as it would immediately be excreted. Indeed, previous studies 

investigating [89Zr]Zr-DFO-traztuzumab biodistribution in mice show an increasing 

accumulation of activity in the bones starting at 24h p.i.. This reaches a peak of 

approximately 10% ID/g after 6 days p.i. [9, 27, 28], in line with the bone uptake of 

[89Zr]Zr-chloride presently observed of 16% ID/g at the same time reference. The Zr bone 

uptake is not particularly noticeable in humans [29] and so it is unlikely that Zr is released 

from the DFO-traztuzumab conjugate while in circulation. More probable is the faster 

metabolism of the mouse together with its less specific peptidases involving rapid 

degradation of [89Zr]Zr-DFO and the release of Zr into the circulation. This question 

remains to be resolved and it is an ongoing study with clinical investigations in patients 

regarding the metabolism of the labeled 89Zr-mAb and comparing these results with those of 

the mouse model used herein.

CONCLUSION

Despite the complexity of Zr coordination, the electrophoretic analyses provided detailed 

evidences of different zirconium preparations charges, salts or complexes.

This study also shows that weakly chelated 89Zr is a bone seeker. The observed rank order 

of bone uptake was chloride>oxalate>citrate≫DFO which is consistent with the denticity of 

the chelates and the stability of the respective complexes. The intravenous (i.v.) 

administration of [89Zr]Zr-phosphate resulted in little bone uptake because of the trapping of 

the precipitate in the liver and spleen and its negligible bioavailability. It is possible that the 

observed high murine bone uptake of 89Zr following i.v. administration of 89Zr labeled 

mAbs is due to the metabolism of the [89Zr]Zr-DFO by the less selective enzymes of the 

mouse liver.

Even if [89Zr]Zr-oxalate and [89Zr]Zr-chloride revealed very similar biodistribution profiles, 

especially after 24h p.i., [89Zr]Zr-chloride should be preferred for a potential medical 

application to its oxalate complex because of the high toxicity of oxalate reported for human 

and animals [24].

Finally, the strong affinity of zirconium to phosphates may be informative for new 

opportunities in ligands design complexing this radionuclide in a higher kinetic stability than 

DFO.
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Fig. 1. 
Electrophoresis chromatograms for [89Zr]Zr-chloride (A); [89Zr]Zr-oxalate (B); [89Zr]Zr-

phosphate (C); [89Zr]Zr-DFO (D); [89Zr]Zr-citrate (E). Each dashed line indicated where the 

original 89Zr was spotted prior to electrophoresis.
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Fig. 2. 
Whole body retention of radioactivity in female NIH Swiss mice (n≥3) following i.v. 

administration of various chemical forms of 89Zr (note the axis break).

Abou et al. Page 11

Nucl Med Biol. Author manuscript; available in PMC 2015 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Biodistribution of radioactivity following i.v. administration of various chemical form 

of 89Zr (740 KBq in 200 μL) in female NIH swiss mice (n≥3). A-[89Zr]Zr-chloride; B-

[89Zr]Zr-oxalate; C[89Zr]Zr-phosphate (note the axis break; S.I.: Small Intestine; L.I.: Large 

Intestine).

Abou et al. Page 12

Nucl Med Biol. Author manuscript; available in PMC 2015 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Biodistribution of radioactivity at 6 days p.i. following i.v. administration of various 

chemical form of 89Zr (740 KBq in 200 μL) in female NIH swiss mice (n≥3; note the axis 

break).
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Fig. 5. 
Serial projection PET images acquired with 10 min scan length at 1, 3, 8 and 24 h p.i. of 

[89Zr]Zr-chloride; [89Zr]Zr-oxalate or [89Zr]Zr-phosphate (740 KBq in 200 μL) in normal 

female NIH Swiss mice (anesthesized with 1% isoflurane/oxygen 2 L.min−1).
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