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Abstract

The positron emitting isotope 89Zr is an ideal radiolabel for PET imaging of monoclonal 

antibodies (mAbs). This article reviews the chemistry and physics involved in production, 

separation, chelation, and labeling of 89Zr mAbs.

I. Introduction

An emerging application of positron emission tomography (PET), termed immuno-PET [1], 

uses the cancer targeting capabilities of monoclonal antibodies (mAbs) to generate 

tomographic data. This PET data quantifies the expression of the target protein or gene, 

enabling the researcher to characterize tumor conditions and responses to treatment. In cases 

where the antibody itself acts as an inhibitor to tumor function, immuno-PET determines 

binding and exchange constants for drug action. Similarly, when the mAb is employed in 

radio-immuno-therapy (RIT), the PET scan provides an accurate picture of dose distribution 

and targeting effectiveness [2].

Many researchers currently use 89Zr as the radiolabel for immuno-pet. In general, after 

separation from cyclotron target material, they attach 89Zr is to mAbs through conjugation 

and chelation, enabling the composite molecule, rather than zirconium-specific chemistry, to 

target the antigen.

The concerns of radiometal labeling using other isotopes apply equally to radio-zirconium 

syntheses. In brief, metal impurities increase the number of chelation sites occupied by 

stable atoms, so no-carrier-added 89Zr chemistry requires stringent attention to reagent 

purity and separation efficacy. The chelant must also remain bound to the mAb and the 89Zr 

in vivo without impairing the immunoreactivity or specificity of the mAb.

The chemical and physical characteristics of 89Zr justify the effort expended to control these 

variables. The 3.27 day half-life matches mAb pharmacokinetics in tumors (2–4 d) [3]. 

Production of 89Zr via cyclotron irradiation uses an unenriched, metal Yttrium target. 

Furthermore, the common bifunctional chelant for 89Zr is desferrioxamine B (Df), a 

biologically produced siderophore that is sold under the trade name Desferal (Novartis) for 

chelation therapy in humans [4]. Zr(IV) has one of the highest affinities of all metals for this 

chelant, and remains bound in vivo [5]. Finally, three papers [6–8] and a recent protocol [9] 

constitute a veritable instruction manual for the production of a reactive 89Zr radiolabel in a 

matter of hours.
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The increasing availability of 89Zr has resulted in a sizeable amount of work with the 

isotope, fostering a growing body of literature. This article reviews the chemistry and 

physics that researchers employ in 89Zr immuno-PET to go from cyclotron bombardment to 

tomographic imaging.

II. 89Zr Physics
89Zr is a neutron deficient isotope of Zirconium with 49 neutrons and 40 protons, and it 

decays with a half-life of 3.27 days to 89Y. The decay proceeds via electron capture (77%), 

and positron emission (23%). Both modes of decay lead primarily (99%) to a 9/2+ state 

in 89Y, which de-excites through M4 emission of a 909 keV gamma ray to the 1/2- ground 

state.

Therefore the important decay radiations are the 511 keV γ’s from positron annihilation, the 

909 keV γ from the 89mY de-excitation, continuum positrons (23% endpoint = 902 keV), 

internal conversion electrons from the M4 transition (0.8%), and Auger electrons. Figure [1] 

shows a simplified level scheme for 89Zr decay [10].

III. Cyclotron Production of 89Zr

Typically, 89Zr is created by proton bombardment of 89Y. The isotopic abundance of the 

natural target is 100%, making production affordable, and alleviating the need for 

complicated target recycling procedures. Yttrium foils (99.9%, Goodfellows) can be 

purchased from distributors in various thicknesses. Yttrium melts at 1526°C, and is not 

highly reactive. Besides foils, several groups use sputtered targets with gold or copper 

backings to improve heat dissipation during irradiation. Additionally, powder targets of both 

yttrium metal and Y2O3 appear in the literature. The final choice of target type depends 

upon cooling capabilities of the cyclotron and the amount of 89Zr desired.

Omara et al (2009) measured the cross-sections for production of 88Zr, 88Y, and 89Zr from 

proton irradiation of metal yttrium [11]. They conclude that the optimum energy for proton 

bombardment is 14 MeV, with a thick-target short-irradiation yield of 58 MBq/μAh. Above 

the threshold incident energy of 13.1 MeV, proton irradiation also produces the isotopic 

impurity 88Zr by (p,2n). The 83.4 day half-life of 88Zr decay creates problematic dosimetry 

which is exacerbated by the 106 day half-life of its daughter, 88Y.

Zweit et al. used the 89Y(d,2n)89Zr reaction to reduce production of contaminant 88Zr [12]. 

The threshold for 89Zr production with a deuteron beam is 5.6 MeV, whereas it is 15.5 MeV 

for 88Zr production. Figure 2 shows the estimated thick target yields of 88,89Zr for both 

proton and deuteron bombardment as a function of projectile energy. Based upon the 

characteristics of the cyclotron being used, the plot shows which projectile is most expedient 

to maximize 89Zr production while limiting production of 88Zr.

IV. Separation Chemistry

Several groups have reported methods for separating 89Zr embedded in the metal Yttrium 

target. Most begin with dissolution in strong hydrochloric acid. From here, methods diverge, 
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utilizing solvent extraction [15], anion exchange chromatography [12], or weak cation 

exchange chromatography [16].

The most widely used of these procedures is the weak cation exchange method using a 

hydroxamic acid resin. Meijs et al performed the first separations of 89Zr from Yttrium with 

a custom hydroxamic acid resin, and developed their method by separating 88Zr(IV) 

from 88Y(III) and 59Fe(III), eluting the desired product with oxalic acid [16]. Separations 

reported since this time use this method exclusively.

Hersheid et al. (1983) report original synthesis of the resin for use in a 52Fe/52mMn 

generator [17]. Figure 3 depicts the chemical mechanism as described in [7]. The synthesis 

begins with the formation of an ester bond from the carboxyl group on the resin to the 

central carbon in the carbodiimide group on 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDAC). The ester bond is subject to nucleophillic 

attack by terminal amines and alcohols, in addition to being prone to hydrolysis. To limit 

reactivity, tetrafluorophenol (TFP) is added, transferring the ester bond to the TFP hydroxyl 

group. In this reaction an EDAC-derived alcohol leaving group rapidly tautomerizes to the 

urea derivative, limiting the reverse reaction.

The TFP ester is stable to attack from alcohols and hydrolysis but still reacts with terminal 

amines. Hydroxylamine hydrochloride displaces TFP to form the functionalized hydroxamic 

acid resin. Once the resin is functionalized it is stable for more than one year [7].

To perform the Yttrium-Zirconium separation, a column is packed with the resin and 

equilibrated with 2M hydrochloric acid. Then the dissolved Yttrium target is loaded onto the 

resin in <2M HCl and washed with 2M HCl and water. Elution is performed with small 

volumes of 1M oxalic acid. A typical separation uses 100mg of resin to collect several 

hundred MBq of 89Zr from about 500 mg of Yttrium. Under these conditions, greater than 

70% of the 89Zr is eluted in 2 ml of oxalic acid [7].

In the original paper by Meijs, the authors express concern over the ability of Zirconium in 

oxalate complexes to trans-chelate to Df. Since then Holland et al. have shown that 

chelation efficacy is not impaired by oxalate. They also describe a method for removing the 

oxalate and replacing it with chloride on an anion exchange column[7]. Work by Verel 

suggests that the chloride form is undesirable due to hypochlorite formation from radiolysis 

[3]. The protocol describing general mAbs labeling techniques calls for the oxalate form 

of 89Zr [9].

V. Selective Chelation with Desferrioxamine B and its Derivatives

The most successful Zr(IV) chelant is desferrioxamine B (Df). Figure 4 shows the bare Df 

molecule (A) along with the Zr-Df compound and the stable structure as determined by a 

density functional theory (DFT) calculation (B) [18]. The bacteria strain Streptomyces 

pilosus naturally creates Df as an Fe(III) scavenging siderophore [19]. The FDA has 

approved Df for drug use to treat acute iron intoxification (Desferal, NDA:016267) and 

Novartis produces it as a pharmaceutical. The fact that Df is considered safe for humans in 
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bare and metal-complexed forms alleviates concerns that it may be harmful if it dissociates 

from its tagged mAb.

Although there is no published value for the stability constant of the conjugated Zr-Df pair, 

Holland suggests that Zr(IV)-Df is more stable than the iron-Df complex [7]. The stability 

constant for Fe(III)-Df is over 1031 [19]. A study by Baroncelli shows that Zr(IV) 

complexed to a single hydroxamate group, has a stability constant greater than 1012, this 

grows to more than 1024 when complexed to two hydroxamates [20]. Since deprotonated Df 

is a string of three hydroxamate groups, the qualitative stability of Df-Zr is assumed. 

Additionally, Holland has shown through DFT calculations that the Zr-Df compound is 

thermodynamically stable and that solvating water molecules increase stability [18]. Further, 

a paper by Takagai shows that Df is highly selective of Zr(IV) (compared to other high 

valence metals) when the Df is immobilized at its amine terminus[21].

Presently, no alternative chelants compete with Df for the clinical radiochemist’s attention in 

the literature. In a 2006 paper, Perk et al. attempted to label the mAb Zevalin with 89Zr via 

chelation to diethyl tetraamine pentacetic acid (DTPA), and achieved less than 0.1% 

labeling efficiency [22]. This is despite the fact that DTPA forms stable complexes with 

Zr[7]. In an earlier work, Meijs compared the in vitro stabilities of Zr-Df and Zr-DTPA to 

show that the Zr-DTPA complex undergoes 20% demetalation in 24 hours in human serum 

[5]. Zr-Df, on the other hand, remains 99% intact after seven days of incubation[7].

The phenomenal stability of the Zr-Df complex is important because PET imaging depends 

on in vivo stability for quantification of tracer kinetics. In order to understand the effects of 

89Zr-Df-mAb dissociation, Holland et al. investigated the in vivo characteristics of 89Zr-

chloride, oxalate, and Df. They showed that un-chelated Zr(IV) from ZrCl4 accumulates in 

the liver, while the Zr-oxalate complex is taken up in bone[18]. Df-conjugated Zr, however, 

is expelled quickly via the kidneys with a time constant of about 300 seconds. Meijs et al. 

(1996) report similar results in an earlier study [25]. These results indicate that 

biodistribution studies of 89Zr-Df-mAbs are adversely affected by de-metallation but not by 

dissociation of the chelant from the antibody.

In terms of functionalization, the terminal amine on Df is the locus of modification. Two 

derivatives of Df are commonly used for labeling: the carboxylated form, Df-N-suc, and an 

isothiocyanato-benzyl form called Df-Bz-NCS. Both of these compounds target amine 

groups on lysine residues for conjugation to mAbs. Hersheid et al. describe the procedure 

for modification to the carboxylate form [23], and the method for Df-Bz-NCS production is 

described by Perk et al. [8]. Both forms are available commercially.

Tinianow et al. developed three Df derivatives with functional groups that are reactive with 

the thiol groups on cysteine residues [24]. They used modified mAbs with an artificially 

placed cysteine residue outside of the active-site for attaching the chelant. While successful, 

this method is not generalizeable. With the other two Df compounds listed above, any 

antibody can be labeled, whereas thiol targeting compounds require an engineered mAb 

(termed THIOMAB).
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VI. Labeling Antibodies

One of the first published methods for attaching Df to proteins appears in reference [25]. 

The authors premodified the lysine residues on bovine serum albumin with maleimide 

groups through reaction with succinimidyl 4-(N maleimidomethyl)cyclohexane-1-

carboxylate. They also synthesized a Df derivative, SATA-Df, by reacting Df with N-

succinimidyl S-acetylthioactetate. The maleimide modified lysine groups react with the 

thioester in SATA-Df creating a stable thiolether bond, linking the Df to the protein. 

Labeling yields for this method were approximately 90% after 1 hour of incubation with 

Zr(IV) oxalate.

Since that initial labeling, two easily followed procedures have been published which do not 

involve pre-modification of the lysine residues. The first method, used initially by Verel et 

al. [3], involves six steps. They start with Df, and modify the amine group using succinic 

anhydride to create a terminal carboxyl group (Df-N-suc). Then they protect the Df through 

complexation with Fe(III) and esterify it to TFP in the same manner as stated above for 

creation of the hydroxamate resin. This TFP ester reacts with the amine group on mAb 

lysine residues to create the peptide bond. Transmetallation of the Fe(III) to EDTA 

deprotects the chelant. Finally, they add 89Zr oxalate and incubate for 30 minutes to make 

the final [89Zr]mAb. This procedure reproducibly conjugated one Df per mAb and chelated 

Zr(IV) from the oxalate with 80% efficiency.

An alternative lysine linkage method involves the direct reaction of the isothiocyanate group 

on Df-Bz-NCS to the amine group in lysine, forming a thiourea bond [8]. When introducing 

this method, the authors reported similar yields to the six-step method, with no loss of in 

vitro stability.

The paper by Tinianow et al. describes the reactions for conjugating the cysteine linking Df 

derivatives. Briefly, they reacted the three modified Df molecules with mAbs’ engineered 

thiol groups. All three Df molecules form thioethers with the cysteine residues, and their 

conjugated stabilities compare favorably with lysine-linked counterparts. The group also 

conducted a study comparing the number of conjugated Df molecules per antibody for their 

method, and those of the lysine linkers mentioned above. They found that all methods yield 

between 1.6 and 2.4 Df conjugates per mAb [24].

VIII. Application

Once the labeling is complete, it is no longer necessary to consider zirconium chemistry. 

That is, the only remaining chemistry is that of the antibody-antigen matching. The scope of 

those combinations will not be covered here, simply because the interactions are not unique 

to zirconium. However, in the interest of highlighting what researchers have accomplished 

with 89Zr, the following paragraphs survey exemplary 89Zr-mAbs studies.

Over the past five years, researchers at Vrije University (Amsterdam) developed 89Zr-mAbs 

as imaging agents for RIT [2,22,26]. Conventional RIT uses 90Y in high doses on chimeral 

mAbs. However, 90Y only emits approximately 32 positrons per million decays, making it a 

challenging nuclide for PET imaging[27]. As an alternative, Perk et al. used a combination 

Severin et al. Page 5

Med Chem. Author manuscript; available in PMC 2015 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of 90Y- and 89Zr- labeled zevalin (ibritumomab, a CD20 targeting mAb) and performed PET 

scans to quantify dose delivery [22].

Many researchers use 89Zr labeling with small animal immuno-PET to assess the targeting 

of mAbs in preclinical studies. The Vrije group labeled cetuximab, an epidermal growth 

factor receptor (EGFR) targeting mAb, with 89Zr in two studies and showed that EGFR 

expression was not consistent with cetuximab uptake in vivo[26,28]. Another study was 

undertaken by many of the same authors to show the correlation of bevacizumab, a vascular 

endothelial growth factor (VEGF) targeting mAb, uptake to VEGF expression [29]. This 

was followed up by a report utilizing [89Zr]bevacizumab to asses angiogenisis after 

treatment with HSP90 (heat-shock protein 90) inhibitor NVP-AUY922 [30]. Several other 

papers report preclinical, small-animal PET with 89Zr [18,24,31–35].

The Vrije group has also administered 89Zr-mAbs clinically. They used [89Zr]U36 (a CD44 

targeting mAb), to compare immuno-PET to FDG-PET, CT/MRI in locating lymph node 

metastases in 20 patients with head and neck squamous cell cancers (HNSCC). The results 

indicate that 89Zr immuno-PET in HNSCC models outperforms the other imaging 

modalities [36,37]. One other clinical study used an anti-HER2 (human epidermal growth 

factor receptor 2) mAb, trastuzumab, to locate HER2 positive lesions in breast cancer 

patients[38].

IX. Conclusion

Modern cyclotrons and radiochemistry labs can easily create conditions necessary for 

expedient, economical production of 89Zr in a chemically useful form. Unenriched, 

thermodynamically and electrically conductive Yttrium metal foils are ideal targets for 

medical accelerators, yielding radioisotopically pure product in quantities that can support 

numerous experiments and clinical procedures. The simplicity of established separation 

procedures lends them to automation, which will only further increase the use of this 

potential-laded radioisotope. With irradiation and separation procedures so well established, 

the task now falls to the biochemist to pursue pharmacokinetic questions underpinned by 

days-long physiological time courses. The breadth of 89Zr’s application to medical imaging 

science will therefore continue to expand alongside the versatility of modern radio-metal 

chelation chemistry and the target-specific affinities achieved by synthetic antibodies and 

other novel ligands.
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Figure 1. 
A simplified 89Zr decay scheme
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Figure 2. 
Estimated thick target yields for short irradiations of yttrium metal. The plot is adapted from 

[11], using additional cross-section data from [13,14].
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Figure 3. 
The mechanism for creating the hydroxamic resin. In this figure, R represents a connection 

back to the resin.
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Figure 4. 
The structure of Desferrioxamine B. The hydroxamic groups participate in metal chelation 

while the terminal amine is used to functionalize the Df for linkage to mAbs. Taken from 

reference [18]. (A) depicts the chelation reaction, while (B) shows the stable geometry.
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Figure 5. 
The reactive modifications to Df. Adapted from reference [24].
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