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�Fundamentals

Zirconium is a group IV transition metal with a diverse array 
of applications in metallurgy, gemology, nuclear power, food 
packaging, the steel industry, and—of course—nuclear medi-
cine. Zirconium has no known role in biological systems and 
is generally regarded as non-toxic and environmentally 
benign. There are five naturally occurring isotopes of zirco-
nium: 90Zr (stable; ~51%), 91Zr (stable; ~11%), 92Zr (stable; 
~17%), 94Zr (stable; ~17%), and 96Zr (t1/2 ~ 2.0 × 1019 y; ~3%). 
In nature, the element is typically found as part of the mineral 
zircon (ZrSiO4). Over 25 different radioisotopes of zirconium 
have been synthesized, though the relevant radionuclide for 
nuclear medicine is zirconium-89, which is used for the posi-
tron emission tomography (PET) of diseases such as cancer.

PET imaging using 89Zr-labeled radiopharmaceuticals is 
typically focused on one of three aims: selecting patients who 
will most likely benefit from a targeted therapy, predicting a 
patient’s response to therapy, or monitoring a patient’s 
response to therapy. The overwhelming majority of preclini-
cal and clinical investigations with 89Zr have involved the 
radiolabeling of monoclonal antibodies (mAbs). The radio-
metal’s multiday half-life (~3.3 days) extends the time-frame 
of imaging, improving image contrast by allowing the slow-
circulating mAbs to accumulate at sites of disease and clear 
from the bloodstream. Typically, 89Zr is produced using a 
biomedical cyclotron via the 89Y(p,n)89Zr reaction and is iso-
lated and purified using hydroxamate-functionalized resins. 
In biological systems, zirconium-89 exists as a +4 oxidation 
state and can form complexes with coordination numbers 
(CN) of up to 8. Desferrioxamine (DFO)—which coordinates 

Zr4+ in a hexadentate fashion, leaving two coordination sites 
available for exogenous water molecules—is the current 
“gold standard” chelator for 89Zr. For several years, the less-
than-ideal in vivo stability of [89Zr]Zr-DFO has been toler-
ated in preclinical and clinical immunoPET despite the 
transchelation of the radiometal to the bone over time. The 
deposition of 89Zr in the bone poses a concern due to both the 
limited true-positive identification of osseous lesions and, 
just as importantly, the elevated radiation dose to the sensitive 
bone marrow. To resolve these issues, several new chelators 
have been explored to improve the stability of the 89Zr-chelator 
complex by optimizing both the number of ligands in the 
coordination sphere (i.e. CN = 8) as well as the geometry and 
morphology of the chelator itself.

�Details

�Biomedical Utility

The importance of zirconium-89 in PET lies in its ability to 
facilitate the in vivo tracking of targeting vectors that require 
extended amounts of time to achieve optimal target-to-
background contrast ratios. Over the last decade, the stan-
dardization of its production and commercial availability has 
paved the way for the development of companion diagnostics 
for immunotherapy and antibody-based treatments. Indeed, 
the physical half-life of 89Zr (t1/2 = 78.4 h) complements the 
biological half-lives of variety of larger biomolecules, includ-
ing monoclonal antibodies (mAbs), antibody fragments, pro-
teins, and nanoparticles. These targeting vectors via typically 
labeled with zirconium-89 via a bifunctional chelator that is 
covalently attached to the biomolecule or nanoparticle. 
Currently, desferrioxamine B (DFO) is the most widely used 
chelator for Zr-89  in both preclinical and clinical studies. 
Zirconium-89 is biologically inert and is trapped within the 
cell once internalized, making it a residualizing radionuclide 
[1]. This enables better visualization of disease targets and 
higher target-to-background activity concentration ratios 
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several days after the administration of the [89Zr]Zr-DFO-
labeled tracer. However, a disadvantage of imaging with 
[89Zr]Zr-DFO-labeled biomolecules is the suboptimal stabil-
ity of [89Zr]Zr-DFO complex, which leads to the decomplex-
ation of [89Zr]Zr4+ in vivo and its subsequent accumulation in 
bone. This phenomenon has been observed in both rodents 
[2] and humans [3].

�Coordination Chemistry

The zirconium cation exists predominantly in the +IV oxida-
tion state in aqueous solutions, though lower atypical oxida-
tion states (I, II, III) have been reported [4]. Zr(IV) lacks 
valence electrons with its [Kr]4d0 electronic configuration, 
and it has an ionic radius of 85 pm and a covalent radius of 
1.48 pm [4, 5]. Because of its high charge and small ionic 
size, Zr is categorized as a hard Lewis acid with a strong 
affinity for hard Lewis bases such as oxygen donors. Zr 
forms metal complexes with varying coordination geome-
tries and coordination numbers ranging from 4 to 12. That 
said, studies by Intorre and Martell suggest that eight-
coordinate complexes of Zr(IV) are ideal [6, 7] . Complexes 
with lower coordination numbers typically recruit additional 
ligands to achieve an octacoordinate environment, thereby 
strengthening the metal complex against polymerization and 
hydrolysis [5]. Zr(IV) with eight-coordinating ligands con-
ventionally forms a dodecahedral structure. Table 1 lists the 
geometries of Zr(IV) complexes with various coordination 
numbers.

Zirconium (IV) has the potential to undergo hydrolysis, 
forming polynuclear species (e.g. dimers, trimers, and tetra-
mers) that are bridged by hydroxo- or oxo-donor groups [5, 
8]. In very dilute solutions (10−4 M) at pH ~ 2, Zr(IV) exists 
in a hydrolyzed state in the form [Zr(OH)n](4−n)+ (note: n is 
pH-dependent)  in very dilute solutions (~ 10-8 M) [5]. 
Hydrolyzed precipitates with very low solubility (~ 10−8 M) 
can also form at pH ~ 2 [8].

�Nuclear Properties of Zr-89

Zirconium-89 has a half-life of 78.4 h, decaying to stable 89Y 
via positron decay (23%) and electron capture (77%) (Fig. 1) 
[9]. This decay results in the emission of a characteristic 
gamma ray of 909 keV (99%), which allows for the finger-
print identification of this radionuclide using high-purity 
germanium gamma spectroscopy. Importantly, this high-
energy gamma does not significantly interfere with imaging 
because it is not in coincidence with the ß+ decay [9]. 89Zr 
produces PET images with good spatial resolution due to its 
low positron energy (Eß[beta] + max = 0.9 MeV), a value compa-
rable to that of the positron emitted by 18F (Eß[beta] + max = 0.64; 
t1/2 ~ 1.8 h) [9, 10]. 89Zr, however, has a much lower positron 
branching ratio than fluorine-18: 23% vs. 97%, respectively. 
A comparison of the nuclear properties of 89Zr and 18F is pro-
vided in Table 2 [11].

�Production and Purification of 89Zr

Early investigations exploring the production of 89Zr were 
carried out by Link and colleagues [12, 13]. Both this pio-
neering work as well as more recently published endeavors 
have contributed to the simplification of the production and 

Table 1  Coordination geometry of Zr(IV) metallocomplexes

Coordination number Geometry
4 Tetrahedron
5 Square pyramid
6 Octahedron

Trigonal prism
7 Pentagonal bipyramid

Capped trigonal prism
Capped octahedron

8 Dodecahedron
Square antiprism
Cube
Capped trigonal prism

9 Irregular
10 Irregular

Fig. 1  Simplified decay scheme of Zr-89

Table 2  Physical characteristics of 89Zr versus 18F

Properties 18F 89Zr
Half-life 109.8 min 78.4 h
Mean β+ energy 0.25 MeV 0.4 MeV

Mean β+ range in water 0.62 mm 1.23 mm

Max β+ range in water 2.4 mm 3.8 mm

Single γ energy 909 keV (99.9%)
1657 keV (0.1%)
1713 keV (0.8%)

β+ branching ratio 97% 23%
Mean spatial resolution
FWHM
FWTM
aFWHM-to-FWTM ratio

1.81
3.57
0.51

1.99
4.01
0.50

Note: Spatial resolution was analyzed according to National Electrical 
Manufacturers Association NU 4–2008 guidelines
aSuggestive of nonconformity from a Gaussian profile
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purification of 89Zr as well as standard operating procedures 
and semi-automated platforms to make this isotope accessi-
ble to researchers worldwide [14–17]. Zirconium-89 is cur-
rently produced using a medical cyclotron via the 89Y(p,n)89Zr 
reaction [16, 18]. The production of 89Zr using solid targets 
provides the highest yields and will be the main focus in this 
chapter; however, liquid targets using yttrium solutions such 
as YCl3 and Y(NO3)3 have been employed in cases wherein 
the cyclotron is incapable of solid targetry [19]. To produce 
the radiometal from a solid target, a Yttrium foil is secured 
onto an aluminum or niobium holder [16]. Yttrium-89 is 
100% abundant and can be purchased commercially as a foil 
with varying thickness. In lieu of a foil, yttrium can also be 
deposited onto a niobium or copper support [18, 20]. To 
achieve optimal production of 89Zr with the highest possible 
yields, a number of variables need to be considered, includ-
ing the energy of the incident protons, the thickness of the 
target, and the irradiation time. Table 3 lists examples of dif-
ferent production methods developed to optimize yields of 
89Zr while minimizing the production of the long-lived 88Zr 
contaminant.

Proton-induced reactions on yttrium targets at energies 
relevant to the production of 89Zr can also result in the pro-
duction of two Zr contaminants: 89mZr (t1/2 = 4.2 min) and 
88Zr (t1/2  =  83.4  days). Zirconium-89m is short-lived and 
completely decays to 89Zr within an hour; thus, it is not con-
sidered a potential source of impurity [17, 18]. Zirconium-88 
is long-lived and inseparable from 89Zr; however, the quan-
tity of 88Zr produced is considered negligible (~ 0.0005%) 
at the energies (11–15  MeV) used to produce 89Zr (see 
Table  3) [20]. Other long-lived radioactive contaminants 
that could be produced from impurities in the yttrium target 
and/or the target holder are 65Zn, 48V, 56Co, and 156Tb. 
However, none of these metals bind to the hydroxamate 
resin used for the purification of 89Zr [20], and thus they can 
be separated easily from the desired product during the pro-
cessing of the target.

The processing of the target is performed using a solid-
phase extraction system. To this end, the target is dissolved 
in 2 M HCl, and the 89Zr is separated from the bulk target 
material via solid-phase extraction using a hydroxamate-
functionalized resin. Hydroxamate functions as a bidentate 
ligand with a high affinity for 89Zr, while 89Y can be washed 
from the resin with 2 M HCl [16]. At 2–3 M concentrations 
of HCl, iron can be a challenging contaminant, as it is chemi-
cally similar to zirconium. However, it has low affinity for 
hydroxamate-based resin systems and can be chemically 
separated from 89Zr through multiple washings of the 
column.

The affinity of Zr4+ for the hydroxamate-functionalized 
resin was illustrated by the work of Guerard et al. [21]. As 
we have mentioned, [89Zr]Zr4+ is a hard acid and has a predi-
lection for binding “hard” Lewis bases such as nitrogen 
and—especially—oxygen. The solid-state x-ray diffraction 
analysis of the complex formed by Zr and N-methyl acetohy-
droxamic acid (Me-AHA) shows a 1:4 stoichiometric ratio 
(CN = 8) between Zr and hydroxamate groups and a log K of 
17.3. We adapted this crystal structure into a 2D structure for 
simplicity (Fig.  2). Based on this work, we can infer that 
[89Zr]Zr4+ binds the hydroxamate groups on the resin with 
similar affinity. Once it has bound the 89Zr, the resin must be 
washed with ample volume of 2 M HCl followed by water to 
remove yttrium, which has a low affinity for hydroxamates. 
Zirconium-89 is then eluted via transchelation with 1  M 
oxalic acid (H2C2O4), which binds in a 1:4 stoichiometric 
ratio (similar to the manner in which it coordinates acetohy-
droxamic acid) [22]. This separation process is depicted in 
Fig. 3 and is fully described in the seminal paper published 
by Holland et al. In this work, step-by-step procedures were 
established for preparing the hydroxamate-functionalized 
resin as well as for the separation of 89Zr from 89Y [16]. In 
addition, the purification process can be semi-automated to 
reduce radiation exposure to personnel, making it more fea-
sible to safely isolate large quantities of 89Zr [17, 23].

Table 3  Examples of the parameters used for the production of 89Zr via the 89Y(p,n)89Zr reaction. Under these conditions, radionuclidic purity is 
generally almost quantitative, with very low levels of 88Zr remaining as a radioactive contaminant. Non-radioactive metal contaminants such as 
iron could be present after the purification process which would affect the effective specific activity of 89Zr

Incident 
energy, MeV

Description of target 
(target holder)

Irradiation 
current × time, μA•h

89Zr 
produced, 
MBq
(% Recovery)

Yield
MBq/
μA•h

Radionuclidic 
purity

Effective specific 
activity, mCi/μmol References

13 0.64 mm foil (NR) 10 × 0.67 = 6.67 259 (25%) 38.8 NR NR [12]
14 Sputtered 25 μm (copper) 100 × 1 = 100 4810 (NR) 48.1 99.95% NR [15]
15 0.1 mm foil with a 10° 

angle of incidence 
(custom)

15 × 2.67 = 40 2439 (99.5%) 61.0 >99.99% 470–1195 [16]

14.7 0.64 mm foil (niobium) 15 × 4 = 60 2294 (93%) 38.2 99.998% 353 [17]
12.8 Sputtered 210 μm 

(niobium)
45 × 2 = 90 1621 (97%) 18 100% 108 [18]

NR not reported
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�Desferrioxamine: The Current Standard 
Chelator for 89Zr

Desferrioxamine B (DFO) (Fig. 4) was isolated and charac-
terized by Bickel et al. in 1960 from Streptomyces pilosus 
[24]. DFO, marketed as Desferal® for the treatment of iron 
intoxication, acts as an iron-scavenging siderophore and 
contains three hydroxamate moieties linked together in a lin-
ear scaffold. This hexadentate ligand offers three neutral and 
three anionic oxygen donors. DFO complexes Fe(III) with a 
formation constant of 1 × 1030 M−1, forming an octahedral 
geometry. Other metals with a +  3 charge—e.g. Al(III), 
Ga(III), and Cr(III)—have been shown to bind to this ligand 
but with lower stability [25]. Importantly, because of its 

strong affinity and ability to encapsulate Zr(IV), DFO has 
been widely accepted as the “gold standard” chelator of this 
metal. However, decomplexation still remains an issue 
despite the moderate thermodynamic stability of the Zr-DFO 
complex. A detailed discussion can be found in the following 
sections.

The emergence of zirconium-89 as an ideal radionuclide 
for antibodies and large molecules prompted the need to cre-
ate bifunctional variants of DFO to facilitate bioconjugation 
reactions to the amines and cysteines of these biomolecules. 
Several bifunctional derivatives of DFO are now available 
through commercial sources, and conjugation techniques are 
discussed below in the section on “Tricks of the Trade.”

�Tricks of the Trade

Neutralizing the [89Zr]Zr-Oxalate  89Zr is typically sup-
plied as [89Zr]Zr-oxalate in a 1 M solution of oxalic acid. The 
pH of the [89Zr]Zr-oxalate must be neutralized to pH 6.8–
7.4  in order to achieve optimal labeling efficiencies with 
DFO-bearing conjugates [26]. Several different techniques 
are employed for neutralization. Choosing a method is often 
informed by the starting volume of the solution of [89Zr]
Zr-oxalate, as the neutralization process can significantly 
dilute this solution, leading to poor radiolabeling efficien-
cies. Vosjan et al. recommend that the total volume of [89Zr]
Zr-oxalate (37–185  MBq) to be neutralized should be 
200 μL. If the desired activity for [89Zr]Zr-oxalate is less than 
200 μL, then 1 M oxalic acid should be added to obtain this 
volume. The [89Zr]Zr-oxalate solution can then be neutral-
ized by adding 90 μL of 2 M Na2CO3 and 300 μL of 0.5 M 
HEPES (pH 6.8–7.4) [27]. However, using the carbonate 
buffer to neutralize larger volumes (>200 μL) of the [89Zr]
Zr-oxalate can lead to the formation of insoluble precipi-
tates. Not surprisingly, this phenomenon lowers the amount 

N

N

O

O

O

O

O

Zr4+

O

O

O

N

N

Fig. 2  Zr-Me-AHA forms octacoordinate species based on the 
crystal structure reported by Guerard et al.
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of 89Zr available in solution for radiolabeling. Alternatively, 
diluting the starting volume of [89Zr]Zr-oxalate with an equal 
volume of 1 M HEPES buffer (pH 7.1) prior to adjusting the 
pH with 2 M NaOH keeps the 89Zr in solution [28].

Conjugation of DFO to Antibodies  Meijs and colleagues 
were the first to develop an approach to the conjugation of 
DFO to mAbs. This strategy employed a two-step procedure 
in order to tag the lysine residues (ε-amines) within mAbs 
[29]. Lysines were first modified to carry maleimide groups 
(mAb-SMCC). Then a thioester-bearing variant of DFO 
(Df-SATA) was converted to a free thiol, facilitating the 
Michael addition between the bifunctional chelator and the 
modified antibody to form with the DFO-modified immuno-
conjugate: mAb-SMCC-SATA-Df (Fig.  5). Radiolabeling 
with 89Zr was achieved by sublimating [89Zr]Zr-oxalate and 
subsequently adding the Df-mAb immunoconjugate, pro-
ducing a radiochemical yield of 90% and a specific activity 
of 185 kBq/μg (5 μCi/μg).

Years later, Verel and colleagues improved upon this SMCC-
SATA conjugation chemistry by modifying DFO with an 

amine-reactive moiety to facilitate the formation of an 
amide linkage between the chelator and the ε-amine of a 
lysine residue. This bioconjugation was performed using a 
five-step procedure (Fig.  6) [20]: (i) the modification of 
DFO with succinic anhydride, (ii) the chelation of Fe(III) to 
protect the hydroxamate groups, (iii) the addition of 
2,3,5,6-tetrafluorophenol (TFP) to form an amine-reactive 
TFP ester, (iv) the attachment of the amine-reactive bifunc-
tional chelator to the lysines of the biomolecules, and (v) the 
removal of the Fe(III). Furthermore, the authors established 
optimal conditions for radiolabeling with 89Zr without the 
need for the sublimation of the [89Zr]Zr-oxalate.

In an effort to simplify this chemistry further, Perk and col-
leagues developed isothiocyanato-p-benzyl-desferrioxamine 
(p-NCS-Bn-DFO), a bifunctional variant of DFO that is cur-
rently commercially available [26]. p-NCS-Bn-DFO reacts 
with the lysines of biomolecules to form thiourea linkages 
that are similar in stability to the amide bonds formed by other 
bifunctional variants of DFO (Fig. 7) [26]. The reaction con-
ditions for the conjugation of p-NCS-Bn-DFO to a biomole-
cule—most often an antibody—are mild. The two species are 
typically incubated in a basic buffer such as sodium carbonate 
(pH ~ 9) for 30  min at 37  °C, though different buffers 
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(e.g. phosphate buffered saline) and longer incubation times 
have also been used [26]. p-NCS-Bn-DFO is not soluble in 
the aqueous buffer used for conjugation, so it should be dis-
solved in dimethyl sulfoxide (DMSO) prior to its addition to 
the reaction mixture containing the biomolecule. We recom-
mend preparing a relatively concentrated stock solution of 
p-NCS-Bn-DFO in DMSO (5–10 mg/mL) so as to limit the 
amount of DMSO in the conjugation reaction and thus lower 
the likelihood of the precipitation of the biomolecule. 
Generally speaking, the final concentration of DMSO in the 
reaction mixture should not exceed 10% v/v.

Other conjugation methods have been employed to facili-
tate the site-specific modification of biomolecules with DFO 
[30, 31]. For example, several studies have used a maleimide-
bearing variant of DFO to facilitate Michael additions to 
engineered cysteine residues in antibodies (Fig. 8) [30, 32]. 
The buffers used for these ligations are similar to those used 
with p-NCS-Bn-DFO, though they generally have a lower 
pH (~6.5–7) due to the lower pKa of the sulfhydryl groups of 
cysteines (pKa  =  8.3) compared the ε-amines of lysines 
(pKa = 10.5). Furthermore, a reducing agent such as tris(2-
carboxyethyl)phosphine (TCEP) is necessary to reduce 
disulfide bridges and produce thiols available for conjuga-
tion. It is important to note that sulfhydryl-containing reduc-
tants such as dithiothreitol (DTT) and beta-mercaptoethanol 
(BME) should be avoided in these cases because of their 
ability to react with the DFO-bearing maleimide.

Radiolabeling with 89Zr  Over 20 years ago, Meijs and col-
leagues first demonstrated the superior stability of [88Zr]
Zr-DFO compared to [88Zr]Zr-DTPA by attaching each chela-

tor to a solid support [33]. At the time, 88Zr (t1/2 = 83.4 days) 
was used primarily as a surrogate for 89Zr in proof-of-concept 
studies in vitro. The [88Zr]Zr-DFO was formed in ~90% radio-
chemical yields after 2 h of incubation using citrate, acetate, 
or PBS buffers and pH values of 4, 5, 6, or 7. Stability studies 
in human serum clearly illustrated that DFO provided a more 
stable coordination environment than DTPA; only 80% of 
[88Zr]Zr-DTPA remained intact after 24 h, while [88Zr]Zr-DFO 
proved nearly 100% stable over the same time period [33].

The radiolabeling of DFO-bearing mAbs and biomole-
cules with neutralized [89Zr]Zr-oxalate can be achieved within 
30–60 min in a variety of buffers. Regardless of the buffer, it 
is critical to ensure that the pH of the reaction lies between pH 
6.8–7.2  in order to achieve optimal transchelation of [89Zr]
Zr-oxalate to DFO and thus produce high radiochemical 
yields [20, 26]. The buffers typically used for radiolabeling 
with 89Zr can be 0.9% saline, 0.25 M sodium acetate, 0.25–1 M 
HEPES, or 5 mM sodium citrate with 0.5 M HEPES. In our 
hands, the use of phosphate-buffered saline lowered the yields 
of 89Zr-labeled mAbs, presumably due to the presence of 
phosphate anions that can compete with DFO for the coordi-
nation of the metal. After the radiolabeling reaction, DTPA 
(pH 7; final concentration = 1 mM) may be added to the crude 
solution of [89Zr]Zr-DFO-mAb and incubated for 5  min at 
room temperature in order to sequester any free [89Zr]Zr4+ 
prior to purification. In addition, if subsequent in vitro assays 
suggest that the reactivity of the [89Zr]Zr-labeled biomolecule 
has been compromised during radiosynthesis, gentisic acid 
(5 mg/mL) may be added to the radiolabeling solution to pro-
tect the biomolecule from radiolysis [26, 34].
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Purification of a DFO-Modified mAb and a [89Zr]
Zr-DFO-Labeled Radioimmunoconjugate  Size exclu-
sion chromatography can be used to remove any unreacted 
bifunctional chelator or free [89Zr]Zr4+ from DFO-modified 
immunoconjugates and their 89Zr-labeled analogs, respec-
tively. To this end, desalting gravity flow columns (e.g. 
PD-10) or spin columns (e.g. Zeba, Amicon, GE Vivaspin) 
with molecular weight cutoffs of 10–50 kDa may be used. It 
is important to note that adding a relatively high concentra-
tion of the conjugate (≥0.5 mg/mL) to the column aids in the 
recovery of high yields of the conjugate after purification. In 
some cases, the radiolabeled antibody can bind too strongly 
to the PD10 column, making it “sticky” and difficult to elute. 
If this occurs, washing the column with 1% bovine serum 
albumin (BSA) or human serum albumin is suggested to pre-
vent the binding of residual tracer to the resin and thus maxi-
mize the recovery of the purified 89Zr-labeled biomolecule.

�Non-immunoglobulin Vectors

Relatively Small Molecules  Novel vectors based on small 
molecules may be radiolabeled with 89Zr to assess their bio-
distribution over several days. For example, Kuda-
Wedagedara et  al. conjugated DFO to cobalamin (vitamin 
B12) and subsequently labeled this vector with 89Zr using 
radiolabeling procedures similar to those employed for the 
labeling of antibodies [27, 35] The resulting [89Zr]Zr-DFO-
cobalamin was used to image the nutrient demand of breast 
cancer xenografts via its interaction with the transcobalamin-
CD320 receptor. An important finding in this study was that 
neither increasing the overall molecular weight of the cobal-
amin vector (MW = 1190 g/mol) by the addition of the DFO 
chelator (+752 g/mol) nor changing the overall charge of the 
molecule to +1 due to the contribution by Zr4+ affected the 
binding of the 89Zr-labeled cobalamin to the transcobalamin 
receptor.

Other relatively small molecules labeled with 89Zr via 
DFO-Bz-NCS include peptides such as exendin-4 for the 
imaging of insulinomas [36]. An aminohexanoic acid spacer 
was used to link exendin-4 to DFO, producing a final con-
struct with a total molecular weight of ~5 kDa. This strategy 
was employed to prevent the chelator from interfering with 
exendin-4’s binding to its receptor, GLP-1. Interestingly, 
however, the 89Zr-labeled exendin-4  had a twofold lower 
affinity (Kd = 28 nM) than the 68Ga-labeled analog of this 
peptide (Kd = 11 nM). This difference could be due to the 
overall charge of the radiolabeled peptide: −1 for the 
89Zr-labeled version and neutral for the 68Ga-labeled variant. 
Thus, considerations for radiolabeling smaller molecules 

with [89Zr]Zr4+ must include how the potential changes to the 
overall charge of the molecule and the steric hindrance cre-
ated by the chelator may affect the affinity of the radiotracer 
to its target.

Cell Labeling  A variety of different cell types—including 
bone marrow cells and immune cells—have been labeled 
with zirconium-89 to take advantage of the residualizing 
properties of the radiometal. The delivery of zirconium-89 
into the cell can be accomplished by complexing zirconium-
89 with oxine ligands in a 1:4 stoichiometric ratio [37]. 
Ferris et  al. developed an approach to the 89Zr-labeling of 
oxines using a biphasic system in which zirconium-89 is in a 
neutralized aqueous solution and the ligands are in chloro-
form [37]. The radiolabeling occurs in the interphase of the 
aqueous and organic layer. The chloroform was then dried to 
isolate [89Zr]Zr-oxine, which can be resuspended in dimethyl 
sulfoxide and diluted in PBS for biological studies. The cell 
permeability of [89Zr]Zr-oxine allows for its rapid, ex  vivo 
cellular internalization and subsequent retention [38]. 
89Zr-labeled cells can then be administered in vivo for PET 
imaging. An interesting study outlining this concept was 
conducted by Asiedu et al. to image the trafficking of bone 
marrow cells in an animal model of hematopoietic stem cell 
transplantation (HSCT) [39]. The radiolabeling efficiency 
was determined to be 26–30%, producing cells with a spe-
cific activity of 16.6  kBq/106 cells. Critically, this study 
revealed that labeling the bone marrow cells did not alter 
their cellular phenotype, cellular function, or survival. 
Interestingly, the authors report that the 89Zr-labeled cells 
quickly accumulated in the lungs, bone marrow, spleen, and 
liver immediately after bone marrow transfer.

The radiolabeling of the surface of cells is an alternative 
to intracellular labeling with [89Zr]Zr-oxine. Bansal et  al. 
used DFO-Bz-NCS to covalently tag random lysine groups 
on the surface of stem cells to facilitate labeling with 89Zr 
[40]. In this study, the cell labeling efficiency was 30–50%, 
producing cells with specific activities of up to 0.5 MBq/106 
cells. Efflux studies showed that the zirconium-89 remains 
associated with the cells after 7 days of incubation in 10% 
fetal bovine serum in cell medium. Furthermore, the authors 
conducted a subcellular fractionation study to confirm that 
the 89Zr remained associated with the membrane. The 
89Zr-labeled stem cells in this study accumulated in the lungs 
(50  ±  27  %ID/g), liver (27  ±  19  %ID/g), and bone 
(16 ± 5 %ID/g). The authors also comment that the explora-
tion of more stable chelators warrants further investigation.

Label-Free Vectors  The term “label-free” refers to the 
radiolabeling of vectors without the need for conjugating che-
lators such as DFO. For 89Zr, iron-complexing molecules or 
nanoparticles containing hard oxygen donors may be used to 
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directly coordinate this radionuclide within the vector. For 
example, melanin is a familiar molecule, known for contribut-
ing to the pigment of human skin, eyes, and hair. Interestingly, 
it also contributes to various biological functions, including 
chelating metal ions such as iron. For this reason, melanin 
was developed as a water-soluble nanoparticle (7 nm) as an 
alternative to DFO for the treatment of iron overload [41]. 
Zhang et al. reasoned that the large molecular weight of mela-
nin nanoparticles (MP) could combine with their intrinsic 
ability to coordinate iron to produce a slowly eliminated plat-
form for the in vivo scavenging of excess iron. These nanopar-
ticles would stand in stark contrast to DFO, which must be 
administered frequently during treatment due to its rapid 
clearance (t1/2  =  5  min in mice). Thus, the goal of these 
researchers was to determine the pharmacokinetic properties 
of melanin nanoparticles via radiolabeling them with zirco-
nium-89 for PET imaging [41]. In this study, the MP were 
labeled with zirconium-89 at pH 5 at 37 °C for 30 min, yield-
ing [89Zr]Zr-MP with a radiochemical yield of 90%, a specific 
activity of 190  MBq/μmol, and a radiochemical purity of 
>98%. In vitro stability studies in human plasma and PBS 
determined that the [89Zr]Zr-MP were stable up to 48  h. 
Subsequent in vivo pharmacokinetic studies using a two-com-
partment open model determined that the elimination half-life 
of [89Zr]Zr-MP in mice was ~16 h. Notably, [89Zr]Zr-MP had 
significant accretion in the liver and spleen at 48 h post-injec-
tion, promising result given that in patients, excess iron is pre-
dominantly deposited in the liver, spleen, and bone marrow.

Another example of a “label-free” vector is Feraheme® 
(FH), an ultrasmall superparamagnetic iron oxide (USPIO) 
nanoparticle that is FDA-approved for the treatment of ane-
mia. FH (MW ~ 796 kDa; 17–31 nm) can be labeled directly 
with various radiometals—including 89Zr—under high tem-
perature with thermodynamic and kinetic stability [42]. The 
radiolabeling of FH with zirconium-89 was performed in 
aqueous solution at pH 8.0 via heating at 120 °C for less than 
1  h, ultimately producing the radiolabeled particles in 
93  ±  3% radiolabeling yield with radiochemical purity of 
>98%. Boros et al. observed that loadings of Zr greater than a 
Zr:FH molar ratio of 125:1 resulted in the aggregation of the 
particles. However, keeping this ratio below this threshold 
allowed the particles to retain their physical, chemical, and 
magnetic properties. This radiotracer was investigated in ani-
mal models of inflammation in the muscle, producing results 
which suggest that [89Zr]Zr-FH is a promising radiotracer for 
the detection of inflammation and other diseases in which 
activated macrophages play a crucial role. However, more 
investigation is needed to elucidate the mechanism of the binding 
of zirconium-89 to FH. Other nanoparticles that have been used 
as platforms for label-free 89Zr-radiopharmaceuticals include 
paramagnetic octreotide-liposomes [43], nanodots [44], and 
mesoporous silica nanoparticles [45].

�New Chelators for 89Zr

The Zr-DFO complex is stable against decomplexation when 
monitored for 7  days in PBS and serum at 37  °C [46]. 
However, the in vivo decomplexation of the radiometal from 
DFO-bearing biomolecules has been observed in several 
cases. When free in the body, [89Zr]Zr4+ is a bone-seeking 
radiometal, a trait which undermines its ability to resolve 
true-positive osseous lesions [2, 3]. The deposition of 
Zr-89 in bone tissue further restricts the dose of the imaging 
probe that can be administered due to the potential radiation 
dose to the radiosensitive bone marrow [3]. For this reason, 
several laboratories have developed new chelators for 89Zr 
with the goal of improving the in vivo kinetic and thermody-
namic stability of the 89Zr-chelator complex. In theory, the 
ideal chelator for 89Zr should be octadentate, provide hard 
Lewis acid donor atoms, and be able to “wrap” or encapsu-
late around the cation’s 85 pm radius [1, 47].

Several novel chelators for [89Zr] are reviewed in the fol-
lowing section. They are divided into three categories accord-
ing to their donor groups and structure: (i) linear 
hydroxamates, (ii) macrocyclic hydroxamates, and (iii) non-
hydroxamate ligands. The intrinsic properties of the chela-
tors—such as their hydrophilicity, their affinity for [89Zr]
Zr4+, and their susceptibility to the transchelation of [89Zr]
Zr4+ in the presence of EDTA, DTPA, and serum—are dis-
cussed (Table 4). In addition, their performance when conju-
gated to a protein or peptide (when available from the 
literature) is addressed as well (Table 5).

�Linear Hydroxamates

Desferrioxamine★ (DFO★)  DFO★ was developed in 
response to DFO’s inability to provide an octadentate coordi-
nation environment for Zr4+ [48]. In DFO★, an additional 
hydroxamic acid is appended onto the amine terminus of 
DFO. This creates a ligand with four hydroxamic acid moi-
eties that can satisfy Zr(IV)’s preference for a coordination 
number of 8 (Fig. 9). Issues of solubility were reported for 
DFO★, but they were largely resolved by using organic 
cosolvents. The complexation of [89Zr]Zr4+ by DFO★ is 
driven by incubation at elevated temperatures, resulting in a 
compound with a 1:1 ratio of Zr:DFO★. Isomerization was 
observed, though this is typical of linear chelators which are 
not as rigid as macrocycles. After conjugating DFO★ to the 
GRPR-targeting peptide bombesin and radiolabeling the 
resulting construct with 89Zr, the authors challenged the stabil-
ity of [89Zr]Zr-DFO★-bombesin against 300- and 3000-fold 
excesses of DFO mesylate. Remarkably, the [89Zr]Zr-DFO★ 
complex remained stable against transchelation after 24 h.

In this proof-of-concept work, the bifunctional chelator 
DFO★-p-phenyl-isothiocyanate (DFO★-p-Phe-NCS) was 
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prepared and attached to three different antibodies: trastu-
zumab (anti-HER2), cetuximab (anti-EGFR), and rituximab 
(anti-CD20) [47]. The insolubility of DFO★-p-Phe-NCS in 
aqueous solution necessitated its dissolution in dimethyl 
sulfoxide (DMSO), which in turn led to modifications to the 
conjugation protocol aimed at reducing protein aggregation 
due to the presence of the organic solvent. In addition, rather 
than adding the DFO★ to the solution of antibody, the anti-
body was added to the DMSO solution of DFO★. Perhaps as 
a result, lowered chelator:mAb ratios were achieved for 
DFO★ compared to analogous conjugation reactions with 
DFO: 0.6 ± 0.1 vs. 0.9 ± 0.1 for trastuzumab and 0.8 ± 0.1 vs. 
1.3 ± 0.1 for rituximab).

Importantly, however, the radiochemical yields obtained 
with each were comparable (>80%). The stability of [89Zr]
Zr-DFO★-trastuzumab was interrogated by monitoring the 
radiochemical purity and immunoreactivity of the radioim-
munoconjugate after storage in 20  mM histidine/240  mM 
sucrose (93% and 90%, respectively, after 168  h at 4  °C), 
0.9% NaCl (89% and 82%, respectively, after 168 h at 4 °C), 
and serum (96% and 88%, respectively, after 168 h at 37 °C). 
In all conditions, [89Zr]Zr-DFO★-trastuzumab outperformed 
[89Zr]Zr-DFO-trastuzumab. The blood-pool residence times 
and tumoral activity concentrations in mice-bearing N87 
xenografts were found to be similar between the two radioim-
munoconjugates. Critically, however, decreased bone uptake 
was observed with the DFO★-bearing radioimmunoconju-
gate. One interesting observation discussed by Vugts et al. is 
the attenuated ability of 89Zr-labeled p-NCS-Bn-DFO to 
covalently bind to antibodies. The authors postulate that this 
may result from the metal center’s recruitment of the isothio-
cyanate to fill its coordination sphere, leaving the isothiocya-
nate unavailable to react with free amines on the antibody.

DFO-HOPO  The addition of a 1,2-hydroxypyridinone 
(HOPO) moiety to DFO was reported in 1988 by White et al. 
as a ligand for the octadentate complexation of Pu(IV) [49]. 
The rationale behind the choice of HOPO stemmed from its 
relatively high acidity, monoprotic nature, and aqueous solu-
bility compared to catechols and hydroxamates, properties 
that should facilitate facile radiometallation [49]. Because it 
offers eight possible donor atoms, DFO-HOPO is an appeal-
ing ligand for Zr-89. Allott et al. reported the investigation of 
alternative synthetic routes for this chelator and explored the 
radiochemistry and stability of its complex with zirconium-
89 (Fig. 10) [50]. The authors employed radiolabeling condi-
tions similar to those used with DFO, forming [89Zr]
Zr-DFO-HOPO in ~99% radiolabeling efficiency and a spe-
cific activity of ~ 20  MBq/nmol after incubation at room 
temperature and neutral pH (~7.4). However, two species—
with Rf values of 0.1 and 0.6—were observed upon analysis 

Table 5  Activity concentration  per gram (%ID/g) in the bone of 
89Zr-labeled radiopharmaceuticals containing different bifunctional 
chelators

Chelator

Bone uptake

ReferencesNew chelator DFO Timepoint

DFO★ 1 ± 0.08
0.8 ± 0.1

2.2 ± 0.34
3.9 ± 0.80

1 days
6 days

[36]

DFO-HOPO NR NR NR [37]
L1 2 ± 0.3 17 ± 4.1 14 days [39, 40]
L2 15 ± 2.7 11 ± 1.0 6 days [41]
L3 20 ± 4 8 ± 0.4 3 days [42]
L4 18 ± 2.9
L5 29 ± 3 5 ± 0.2 3 days [43]

26 ± 0.6 7 ± 0.4 7 days
L6* 0.7 ± 0.05 NR 1 h [45]

0.8 ± 0.3 NR 2 h
0.7 ± 0.3 NR 4 h

L7 19 ± 2.1 2.8 ± 2.2 4 days [47]
L8 NR NR [48]
L9 NR NR
L10 NR NR
L11 NR NR [49]
L12 NR NR

Note: All chelators were attached to trastuzumab unless specified
*Conjugated to RGD peptides
NR not reported
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of the radiolabeling reaction mixture via instant thin-layer 
chromatography (iTLC). The species at Rf ≈ 0.1 was identi-
fied as the positively charged kinetic product of the complex-
ation reaction, while the species at Rf ≈ 0.6 was determined 
to be the neutral, more thermodynamically stable product of 
the reaction. The conversion of this kinetic product to its 
more thermodynamically stable cousin seemed to be related 
to both time and specific activity. More specifically, while 
heating the reaction to 80 °C does not prevent the formation 
of the kinetic product, lowering the specific activity of the 
complex and increasing the incubation time (~24 h at ambi-
ent temperature) yielded the neutral species exclusively.

The stability of the [89Zr]Zr-DFO-HOPO complex was 
assessed via incubation in solutions of EDTA, DFO, and 
mouse serum at 37  °C.  Over 7  days, no demetallation of 
[89Zr]Zr-DFO-HOPO was observed under all three condi-
tions, while [89Zr]Zr-DFO was observed to decompose in the 
presence of both EDTA and mouse serum. DFO-HOPO was 
also able to effectively transchelate [89Zr]Zr4+ from [89Zr]
Zr-DFO, removing over 60% of the radiometal in only an 
hour of incubation. In vivo biodistribution studies revealed 
that [89Zr]Zr-DFO-HOPO undergoes both rapid renal clear-
ance and slow biliary and intestinal elimination. The authors 
believe that the inclusion of a hepatobiliary clearance path-
way can be attributed to the increased hydrophobicity of 
[89Zr]Zr-DFO-HOPO (log DpH 7.4 ~ −0.9 ± 0.3) compared to 
[89Zr]Zr-DFO (log DpH 7.4 ~ −3.0 ± 0.01).

3,4,3-(L1-1,2-HOPO) (L1)  Deri et  al. investigated the 
zirconium-chelating properties of L1, a ligand composed of 
four HOPO groups attached to a spermine backbone (Fig. 11) 
[51]. The complexation of [89Zr]Zr4+ with L1 is achieved 
under relatively standard conditions: pH ~ 7 and room tem-
perature within 10  min. As with DFO-HOPO, the authors 
observed distinct kinetic and thermodynamic products whose 

formation seemed dependent on the concentration of the 
ligand. The authors proposed that this phenomenon could be 
due to either the formation of polynuclear dimers or isomers. 
Interestingly, the kinetic product was not observed when 
using macroscale amounts during the synthesis of cold natZr-
L1. X-ray diffraction of the solid-state structure of natZr-L1 
established that the metal was surrounded by an octacoordi-
nate coordination environment composed of the eight oxy-
gen donor atoms of the HOPO [52]. The stability of [89Zr]
Zr-L1 was tested against a 100-fold excess EDTA, and the 
radiolabeled ligand remained >99% over 7  days; [89Zr]
Zr-DFO, in contrast, remained only 90 ± 5% intact at 7 days. 
This EDTA challenge experiment was also performed at pH 
values of 5–8, and in each case, the stability of [89Zr]Zr-L1 
proved superior to that of [89Zr]Zr-DFO. In vivo biodistribu-
tion assays revealed that [89Zr]Zr-DFO and [89Zr]Zr-L1 boast 
almost identical pharmacokinetic profiles, though [89Zr]
Zr-L1 produced higher activity concentrations in the hepato-
biliary tissues (e.g. liver, gallbladder and intestines), a newly 
observed route of clearance. The uptake of the radiometal in 
the bone at 24 h post-injection was also slightly elevated for 
[89Zr]Zr-L1 (0.2 ± 0.03 %ID/g) compared to [89Zr]Zr-DFO 
(0.06 ± 0.01 %ID/g), an observation the authors believe to be 
due to longer blood residency of [89Zr]Zr-L1.

The functionalization of L1 with p-benzyl-isothiocyanate 
created the bifunctional chelator—p-SCN-Bz-HOPO—that 
could be easily attached to antibodies and other proteins 
[52]. As a proof-of-concept, the authors conjugated p-SCN-
Bz-HOPO to trastuzumab and subsequently radiolabeled the 
immunoconjugate with 89Zr. The radiochemistry was per-
formed according to standard protocols, and comparable 
specific activities (74  MBq/mg) and immunoreactivities 
were achieved for both [89Zr]Zr-L1-trastuzumab (92 ± 6.8%) 
and [89Zr]Zr-DFO-trastuzumab (89  ±  2.1%). However, 
in vitro serum stability studies revealed that the stability of 
[89Zr]Zr-L1-trastuzumab was slightly lower than that of 
[89Zr]Zr-DFO-trastuzumab (89% vs. 95% respectively). 
Next, in vivo and pharmacokinetic studies in HER2-positive 
BT-474 xenografts were conducted to compare the in  vivo 
behavior of both constructs. Tissue distribution data showed 
that the HOPO-containing radiotracer produced lower 
tumor  uptake values than the DFO-bearing construct 
(61.9 ± 26.4 %ID/g vs. 138 ± 35.3 %ID/g at 336 h p.i.). The 
authors offered no discussion for this variability, though it is 
worth pointing out that L1 appears to be more hydrophobic 
than DFO due to the presence of the aromatic HOPO. This 
hydrophobicity may affect the pharmacokinetics, tumor pen-
etration, and vascular extravasation of the radioimmunocon-
jugate depending on the number of L1 chelators conjugated 
to the antibody. However, the activity concentrations in the 
bone were significantly lower for [89Zr]Zr-L1-trastuzumab 
(2  ±  0.3  %ID/g at 336  h p.i.; tumor:bone ratio ~ 26)  
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compared to the [89Zr]Zr-DFO-trastuzumab (17 ± 4.1 %ID/g 
at 336  h p.i.; tumor:bone ratio ~ 8) h p.i. Taken together, 
these data—most notably the lowered activity concentrations 
in the bone—suggest that L1 may be worth exploring as a 
potential alternative to DFO.

BPDET-LysH22,2-3-HOPO (L2)  L2 is an octadentate, 
bi-macrocyclic bifunctional ligand that incorporates two 
3,2-HOPO moieties that form a “clam shell”-like structure 
(Fig. 12) [53]. Its design was predicated on combining the 
rigidity of a macrocyclic chelator with the 89Zr-binding 
properties of HOPO moieties. The incubation of the radio-
metal and the ligand for 15 min at ambient temperature suc-
cessfully produced [89Zr]Zr-L2 with a specific activity of ~ 
0.9 GBq/μmol and a Log P value of ~ 1.5 ± 0.03, making 
[89Zr]Zr-L2 more hydrophilic than [89Zr]Zr-DFO (Log P ~ 
−2.8  ±  0.04). Stability challenge experiments were con-
ducted using both diethylenetriaminepentaacetic acid 
(DTPA, 50  mM) and human serum for 7  days at 37  °C. 
[89Zr]Zr-L2 was stable after 1 day of incubation in the pres-
ence of DTPA, but only 78% of the complex remained intact 
after 7  days. The demetallation of [89Zr]Zr-L2 was also 
studied in serum: 94% of the complex remained intact after 
1  day, a value that decreased to 86% after 7  days. 
Biodistribution studies in healthy mice revealed that the 
blood clearance of [89Zr]Zr-L2 was relatively slower than 
the DFO complex. Furthermore, the retention of [89Zr]
Zr-L2 in the kidneys was substantially elevated compared to 
[89Zr]Zr-DFO: 30 ± 7 %ID/g and 15 ± 2 %ID/g for the for-
mer and 1.0 ± 0.1 %ID/g and 0.7 ± 0.1 %ID/g for the latter 
at 1 and 7  days post-injection, respectively. The activity 
concentrations in the bone were also higher for [89Zr]Zr-L2 
compared to [89Zr]Zr-DFO, with the former producing 0.3 
± 0.1 %ID/g in the bone after 1 day p.i., a value which was 
sustained after 7 days (0.3 ± 0.1 %ID/g) (see Table 3).

The authors proceeded to characterize the in  vitro and 
in vivo stability of L2 as part of a trastuzumab-based radio-
immunoconjugate. [89Zr]Zr-L2-trastuzumab displayed a 
50% decrease in the amount of intact radioimmunoconjugate 
after 24 h in mouse serum. Biodistribution studies revealed 
that [89Zr]Zr-L2-trastuzumab had a shorter blood residence 
time than [89Zr]Zr-DFO-trastuzumab, as well as elevated lev-
els of liver uptake (13 ± 4.4 %ID/g and 6.5 ± 2.2 %ID/g, 
respectively, at 6  days p.i.). Furthermore, the PET images 
produced by [89Zr]Zr-L2-trastuzumab revealed that the 
radioimmunoconjugate produces higher activity concentra-
tions in the bone (15 ± 2.7 %ID/g at 6 d pi.) compared to 
[89Zr]Zr-DFO-trastuzumab (11  ±  1.0% ID/g, p  =  0.0003). 
Clearly, the substandard in vivo performance of L2 makes it 
a less-than-desirable chelator of 89Zr.

Tetrahydroxamate Chelators (L3 and L4)  A pair of 
tetrahydroxamate-based chelators with different linkers 
(L3 = −CH2; L4 = −CH2CH2−) were prepared by Rousseau 
et al. for the purpose of providing 89Zr with a symmetrical 
and compact coordination environment (Fig. 13) [54]. The 
two chelators were functionalized with a p-SCN-Bn group 
and conjugated to trastuzumab, and the in vitro and in vivo 
stability of the resulting 89Zr-labeled radioimmunoconju-
gates were investigated. Radiolabeling yields of >90% were 
obtained for [89Zr]Zr-L3-trastuzumab, [89Zr]Zr-L4-
trastuzumab, and [89Zr]Zr-DFO-trastuzumab. Regrettably, 
stability assays in mouse plasma revealed that neither [89Zr]
Zr-L3-trastuzumab nor [89Zr]Zr-L4-trastuzumab was partic-
ularly stable, with 75% and 54% of 89Zr released from L3 
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and L4, respectively, within 1 day of incubation. The demetal-
lation of 89Zr from each chelator was also evident in  vivo: 
[89Zr]Zr-L3-trastuzumab and [89Zr]Zr-L4-trastuzumab pro-
duced activity concentrations of 19.5  ±  3.6  %ID/g and 
18.3 ± 2.9 %ID/g, respectively, in the bone after 3 days p.i., 
while the bone uptake from [89Zr]Zr-DFO-trastuzumab was 
only 7.6 ± 0.4 %ID/g in the same experiment. Ultimately, the 
authors attributed the release of the radiometal from both 
chelators to the steric constraints put upon the octacoordinate 
complex by the short spacer arms of L3 and L4.

Tripodal Tris(Hydroxypyridinone) (L5)  In another case, 
three 1,6-dimethyl-3-hydroxypyridin-4-one moieties were 
attached to form a tripodal HOPO ligand (Fig. 14) [55]. While 
this chelator was originally meant as a coordination scaffold for 
hard, trivalent metals such as Ga(III) and Fe(III), Ma et  al. 
explored extending its utility to zirconium-89. The incubation of 
natZr4+ and L5 produced a mononuclear species—natZr-L5—
with an overall +1 charge that could be observed via mass spec-
trometry [56]. A competition assay using a ten-fold excess 
Fe(III) was conducted against both [89Zr]Zr-L5 and [89Zr]
Zr-DFO at room temperature for 20 min. Over this time period, 
>85% of the 89Zr dissociated from the [89Zr]Zr-L5 complex, 
compared to only ~7% of 89Zr from [89Zr]Zr-DFO. Not to be 
deterred, the authors functionalized L5 with maleimidopropio-
nate and conjugated the bifunctional chelator to trastuzumab. 
The radiolabeling of [89Zr]Zr-L5-trastuzumab proceeded 
according to standard methods, and the incubation of [89Zr]
Zr-L5-trastuzumab and [89Zr]Zr-DFO-trastuzumab in serum 
over 7 days revealed that both constructs remained >95% intact, 

though some aggregation was observed for the former. 
Surprisingly, in vivo biodistribution studies showed that [89Zr]
Zr-L5-trastuzumab was cleared rapidly by the renal system, 
with the majority of the injected dose (55–75%) accreting in the 
bladder after 1  h p.i. [89Zr]Zr-L5-trastuzumab also produced 
very high activity concentrations in the bone: 29 ± 3.3 %ID/g at 
3 days and 26 ± 0.6 %ID/g at 7 days p.i. The demetallation of 
the [89Zr]Zr-L5 complex is believed to result from the kinetic 
lability and fluxional behavior of the complex in solution, 
though the intraconversion of the complex between multiple 
isomers could also play a role in its rapid dissociation.

�Macrocyclic Hydroxamates

Fusarinine (L6)  L6 (Fig. 15a) and its triacetylated analog 
TAFC (L6-COCH3) are produced by the fungus Aspergillus 
fumigatus for the remediation of iron [57]. The 36-membered 
cyclic backbone of FSC contains three hydroxamic acid 
moieties for the coordination of metal centers. Both L6 and 
TAFC formed hexadentate complexes with [89Zr]Zr4+ after 
incubation at room temperature at pH ~6.8–7.2 between 30 
and 90  min. A specific activity of ~25  GBq/μmol was 
achieved for [89Zr]Zr-TAFC.  L6 was subsequently conju-
gated to a succinic anhydride-functionalized cyclic RGD 
peptide (L6-(RGD), Fig.  15b) by forming an amide bond 
with a free amine on L6’s backbone. The radiolabeling of 
L6-RGD with zirconium-89 proceeded in a similar fashion 
to that of TAFC, yielding the product in >90% radiochemi-
cal yield after 60 min of incubation at room temperature. No 
specific activities were reported for either [89Zr]Zr-L6 or the 
[89Zr]Zr-RGD construct. The stability of [89Zr]Zr-TAFC and 
[89Zr]Zr-L6-RGD were explored via challenge experiments 
against EDTA and DFO and compared to that of [89Zr]
Zr-DFO as the standard [58]. [89Zr]Zr-TAFC showed high 
stability in the presence of a 1000-fold excess of EDTA, 
with ~97% of the metal complex remaining intact after 
7 days of incubation. In the presence of DFO at pH~6, how-
ever, the transchelation of [89Zr]Zr4+ from [89Zr]Zr-TAFC 
occurred as early as 4 h post-incubation. After this period, 
~92% of the complex remained intact, a value which 
decreased to ~74% after a full day and ~40% after a week. 
[89Zr]Zr-L6-RGD similarly demonstrated stability in EDTA 
(pH~7) even after 7 days of incubation (~94% of the metal 
complex intact), though no studies were performed using 
[89Zr]Zr-DFO-RGD for the sake of comparison. No data 
were provided on the performance of the radiolabeled L6 in 
the EDTA and DFO challenge experiments. Furthermore, 
no DFO challenge was reported for radiolabeled L6-RGD 
construct. [89Zr]Zr-TAFC demonstrated fast in vivo pharma-
cokinetics with minimal blood residency (0.05  ±  0.01 
%ID/g) at 6 h p.i. The complex also produced minimal bone 
uptake at this time point (0.04 ± 0.02 %ID/g), and the activ-
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ity concentrations in the spleen, kidneys, liver, and intes-
tines were all <1.5 %ID/g at 6 h p.i. as well. Biodistribution 
data were also reported for [89Zr]Zr-L6-RGD; however, no 
comparisons were made against a 89Zr-labeled variant of 
DFO-RGD nor [89Zr]Zr-L6, experiments which could have 
made the study more meaningful within the context of this 
chapter.

Both TAFC and L6 offer unique advantages with regard to the 
coordination of 89Zr. To wit, TAFC can bind [89Zr]Zr4+ at pH 
1–5, a significant departure from the established protocols for 
other chelators such as DFO. In addition, the multiple amines 
of L6 open the door for simultaneously conjugating the chela-
tor to as many as three vectors, making the creation of multim-
ers possible. Ultimately, L6 and TAFC undoubtedly show some 
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promise for the coordination of 89Zr. To date, however, the che-
lators have only been used for the construction of peptide-based 
radioconjugates, and the use of 89Zr with peptide-based vectors 
is of dubious merit. The performance of both chelators with 
radioimmunoconjugates certainly warrants exploration.

Hydroxamate-Functionalized Cyclams (L7)  The cyclen 
1,4,7,10-tetraazamacrocyclododecane and cyclam 
1,4,8,11-tetraazacyclotetradecane were separately deriva-
tized with three and four pendant hydroxamate arms to afford 
chelators with six and eight oxygen donors, respectively 

[59]. The radiolabeling of these complexes with [89Zr]Zr4+ 
was performed in typical fashion via incubation at room tem-
perature over 1 h at pH ~ 7.4–7.6. When the radiometal com-
plexes were subjected with a 55 mM EDTA challenge and 
monitored over 144 h at 37  °C, L7 (Fig. 16)—which pos-
sesses long hydroxamate arms—was observed to be the most 
promising chelator and was selected for further comparison 
against DFO.  The log D values of [89Zr]Zr-L7 and [89Zr]
Zr-DFO are comparable at −3.4 vs. −3.1, respectively. 
Furthermore, both [89Zr]Zr-L7 and [89Zr]Zr-DFO performed 
similarly when challenged with EDTA, with 91 ± 2% and 
87 ± 1% of the complexes remaining intact after 6 days of 
incubation. Furthermore, [89Zr]Zr-L7 (94% intact) proved 
more inert than [89Zr]Zr-DFO (53% intact) after 72 h incuba-
tion in rat plasma assays. An in vivo pharmacokinetic analy-
sis of [89Zr]Zr-L7 and [89Zr]Zr-DFO reveals that the two 
complexes have similar serum half-lives and are primarily 
excreted via the renal system. However, the uptake in the 
bone produced by [89Zr]Zr-L7 (0.60 ± 0.19 %ID/g at 24 h 
p.i.) was markedly higher than that created by [89Zr]Zr-DFO 
at the same time point (0.05 ± 0.02 %ID/g). DFT in silico 
analysis validated the thermodynamic stability of [89Zr]
Zr-L7, with the ligand providing a favorable coordination 
geometry with little steric strain.

L7 was functionalized with an N-hydroxy-succinimidyl 
ester to create a bifunctional chelator capable of being attached 
to antibodies like trastuzumab. Imaging and biodistribution 
studies in mice bearing both HER2-positive and HER2-
negative tumors revealed that [89Zr]Zr-L7-trastuzumab and 
[89Zr]Zr-DFO-trastuzumab displayed generally similar in vivo 
behavior. The former, however, produced much higher activ-
ity concentrations in the bone than the latter. For example, at 
96 h post-injection, the activity concentrations in the bone for 
[89Zr]Zr-L7-trastuzumab and [89Zr]Zr-DFO-trastuzumab were 
19.0 ± 2.1 %ID/g and 2.8 ± 2.2 %ID/g, respectively.
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�Non-hydroxamates

DOTA (L8), DOTP (L9), and DOTAM 
(L10)  Tetraazamacrocycles such as 1,4,7,10-tetraazacyclodo
decane-1,4,7,10-tetraacetic acid (DOTA, L8, Fig.  17a) and 
variants of DOTA with phosphate- (DOTP, L9, Fig. 17b) and 
amine- (DOTAM, L10, Fig. 17c) derivatized arms have also 
been investigated for their ability to coordinate zirconium-89 
[60]. Unlike acyclic ligands, these macrocycles required heat-
ing at 90 °C at 45 min to sufficiently encapsulate the radio-
metal. This need for heating puts these chelators at a 
disadvantage in the context of biomolecular vectors, because 
antibodies and proteins generally cannot tolerate high tem-
peratures. Furthermore, differences in the complexation of 
[89Zr]Zr4+ have been observed when using [89Zr]Zr-oxalate 
and [89Zr]Zr-Cl4 as the starting material, with the former pro-
viding lower yields, possibly as a result of the competition 
between the ligand and the oxalates in solution. Competition 
assays with excess EDTA revealed that the complexes observe 
the following decreasing  ordering of stability: [89Zr]
Zr-L8  >  [89Zr]Zr-L9  >  [89Zr]Zr-L10  =  [89Zr]
Zr-DFO.  Challenging [89Zr]Zr-L8, [89Zr]Zr-L9, and [89Zr]
Zr-L10 with excess Fe(III) and Ga(III) did not yield any 
appreciable loss of [89Zr]Zr4+ from the macrocycles, while 
similar metal competition experiments with [89Zr]Zr-DFO 
resulted in the partial dissociation of the radiometal from DFO.

The in  vivo behavior of [89Zr]Zr-L8, [89Zr]Zr-L9, [89Zr]
Zr-L10, and [89Zr]Zr-DFO were compared via biodistribu-
tion experiments. High levels of [89Zr]Zr-L10 were observed 
and retained in the liver and spleen over the course of 3 days, 
primarily due to the aggregation of the complex and its pre-
cipitation with serum proteins. Similar biodistribution pro-
files—i.e. accumulation in the blood, liver, and bone—were 
observed for both [89Zr]Zr-L8 and [89Zr]Zr-DFO within the 
first hour p.i., with the latter retained in the kidneys at 4 h 
p.i.. Compared to these two complexes, [89Zr]Zr-L9 exhib-
ited higher accretion in the blood, liver, kidneys, and bone at 

72 h p.i. Notably, [89Zr]Zr-L8 produced lower activity con-
centrations in the bone (0.03 ± 0.009 %ID/g) than both [89Zr]
Zr-L9 (2.6 ± 0.1 %ID/g) and [89Zr]Zr-DFO (0.08 ± 0.01 %ID/g). 
Pandya et  al. rationalized that the higher uptake of [89Zr]
Zr-L9 in the bone may be due to transchelation and the influ-
ence of the ligand’s four phosphate moieties (which could 
theoretically cause the deposition of the intact complex onto 
bone tissue). This has been observed for other metals com-
plexed by phosphate-containing macrocycles. Moreover, the 
authors found that L8 appears to provide superior kinetic 
inertness and in  vivo stability against transchelation com-
pared to other reported Zr chelators, including TAFC, L1, 
and L2. In retrospect, the main limitation to L8 is the require-
ment for elevated temperatures when radiolabeling, which 
can be circumvented by exploring other synthetic method-
ologies such as “click” chemistry.

2-Hydroxyisophthalamide (L11-L12)  Four 
2-hydroxylisophthalamide (IAM) moieties were fused to 
form the octadentate ligands L11 (Fig. 18a) and L12 (Fig. 18b) 
[61]. IAMs possess phenolic and carbonyl oxygen donor 
groups that preferentially bind hard metals and were chosen 
for these chelators based on their similarities to lanthanide-
sequestration moieties produced by bacteria. The coordina-
tion of zirconium-89 by L11 and L12 was performed in water 
at a pH~7.0–7.5. Because of L11’s rigidity, it was incubated 
with zirconium-89 for 2 h at a relatively high temperature, 95 
°C. L12 is less rigid but was still heated at 50 °C for 1 h to 
induce the coordination of zirconium-89. The Log P values 
for natZr-L11 and natZr-L12 are −2.97 ± 0.02 and − 1.45 ± 0.06, 
making both more hydrophilic than [89Zr]Zr-DFO.

Stability studies in the presence of 50  mM DTPA sug-
gested that [89Zr]Zr-L11 is more inert to transchelation than 
both [89Zr]Zr-L12 and [89Zr]Zr-DFO, though parallel experi-
ments in serum somewhat curiously revealed that [89Zr]
Zr-DFO (100% intact after 7 days) is more stable than [89Zr]-
Zr-L11 (~75.1% intact) or [89Zr]-Zr-L12 (~17% intact) in 

a b

O

O

HO

O

O

HO

NH
NH

NH2

NH
NH HN

HN
HN

O

O

OH

HN

N

O

O

OHHO

O

O

O

O

OHHO

O

O

N

N

HN
HN

O

O

O

O NH2

OH

HN

NH

NN
NH NH

NH
NH

N

N

L11 L12

Fig. 18  Four 2-hydroxylisophthalamide (IAM) chelating units were combined to form the octadentate ligands (a) L11 and (b) L12

The Radiopharmaceutical Chemistry of Zirconium-89



388

serum over 7  days. In vivo biodistribution experiments 
revealed that [89Zr]Zr-L12 had a higher retention in the blood 
after 1 day than either [89Zr]Zr-L11 or [89Zr]Zr-DFO, with 
uptake values of 0.01 ± 0.006 %ID/g, 0.003 ± 0.000 %ID/g, 
and 0.001 ± 0.001  %ID/g, respectively. Furthermore, both 
[89Zr]Zr-L11 (0.38  ±  0.04 %ID/g) and [89Zr]Zr-L12 
(1.52 ± 0.15 %ID/g) were observed to accumulate in the liver 
to greater degrees than [89Zr]Zr-DFO (0.081 ± 0.012 %ID/g). 
Finally, and perhaps most importantly, [89Zr]Zr-DFO was 
observed to produce lower activity concentrations in the 
bone (0.078 ± 0.014 %ID/g) after 3 days than either of the 
two IAM-based chelators (0.1 ± 0.01 %ID/g for [89Zr]Zr-L11 
and 0.68 ± 0.33 %ID/g for [89Zr]Zr-L12). These disappoint-
ing in vitro and in vivo results seem to disqualify both L11 
and L12 as potential chelators of zirconium-89.

�The Future

Over the last decade, advances in the production of zirco-
nium-89 as well as the development of chelators to stably 
sequester the radiometal have fueled the advent of 89Zr-based 
PET imaging. Perhaps not surprisingly, this rise in 89Zr-based 
PET has run parallel to a growth in the importance of—and 
appreciation for—the role of antibodies as vectors for diag-
nostic and theranostic nuclear imaging. Today, DFO remains 
the “gold standard” chelator for 89Zr and has been employed 
in all clinical trials to date. Yet the stability of the [89Zr]
Zr-DFO complex in preclinical models has motivated a num-
ber of investigations aimed at developing new chelators for 
the radiometal. A wide range of promising alternatives have 
been developed, though as we embark on these discoveries, 
we should be sure to evaluate both the chelator’s toxicity 
and—even more importantly—its potential to change the 
pharmacokinetic properties of its targeting vector. After all, 
we should not lose sight of the big picture: ultimately, our 
overarching goal is to use 89Zr to track targeting vectors in 
order to accurately stage disease and predict and monitor the 
response of patients to therapy.

�The Bottom Line

In this chapter, we have tried to provide an overview of the 
production, chemistry, and radiochemistry of zirconium-89 
as well as several techniques to consider when working with 
the radiometal. While a variety of novel chelators have been 
developed for zirconium-89, only a handful have matched or 
exceeded DFO’s ability to coordinate the radiometal. We 
understand that this chapter—like all those in this text-
book—has provided a great deal of information, so in the 
end, we sincerely hope the readers keep the following points 
foremost in their mind.

•	 Zirconium-89 is a residualizing, positron-emitting radio-
nuclide whose physical half-life provides an excellent 
match for the pharmacokinetic profiles of many 
antibodies.

•	 The current “gold standard” chelator for zirconium-89 in 
both the laboratory and clinic is desferrioxamine (DFO).

•	 Over time, [89Zr]Zr-DFO is susceptible to transchelation 
in the presence of endogenous proteins, producing free 
[89Zr]Zr4+ that can subsequently deposit in the bones. As a 
result, the imaging of osseous lesions can become diffi-
cult, and the radiosensitive bone marrow can be exposed 
to nontrivial radiation doses.

•	 Zirconium(IV) is a hard metal, and thus hard donor atoms 
(e.g. oxygens) are necessary for its coordination.

•	 The ideal chelator for Zr4+ should be octadentate in order 
to saturate the metal’s preference for a coordination num-
ber of 8. For example, several of the most successful 
“second-generation” chelators for zirconium-89—e.g. 
DFO★, DFO-HOPO, and L1—possess four hydroxamate 
groups that collectively offer eight donor atoms.

•	 The hydrophilicity of a chelator plays a role in the whole 
body clearance of the radiometal-bearing complex.

•	 The radiolabeling of antibodies with zirconium-89 must 
be conducted at or close to neutral pH to preserve the 
structural integrity of the mAb. As a result, the pKa of the 
chelator should be within this range. Heating conditions 
should range from room temperature to 37 °C.

•	 Zirconium-89 with high effective specific activity should 
be employed to achieve near quantitative radiolabeling 
yields and facilitate the creation of 89Zr-labeled mAbs 
with high specific activities.
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