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Abstract: Diagnostic molecular images, obtained by positron emission tomography (PET), have 

successfully functioned as sensitive tools for detecting and monitoring the treatment of different diseases, 

mainly cancer. However, cancer proteomics has shown that the expression of specific molecular targets is 

dynamic, transforming nuclear molecular imaging techniques from purely diagnostic to procedures aimed at 

the prognosis of the disease for precise treatment selection. Of all pure PET radionuclides, zirconium-89 is 

the only one with a sufficient half-life (t1/2 = 3.27 d) to be useful for the labeling of antibodies, antibody 

fragments, cells, and nanoparticles. Therefore, the routine use of 89Zr-immunoPET is expected to help 

determine the prognosis and benefit of immunotherapies in cancer patients, such as anti-FAP, anti-CD44, 

anti-VEGF, anti-EGFR, anti-TGF-β, anti-PSMA, anti-STEAP1, anti-HER2/3, and/or anti-PD-L1. For this 

purpose, the stable coordination of zirconium to bifunctional chelators is essential to form efficient 

radioimmunoconjugates with molecular targeting capabilities, which, combined with high PET resolution 

and sensitivity, could offer the most advanced tool for cancer prognosis, treatment definition and follow-up. 

In this manuscript, recent achievements concerning the coordination chemistry of zirconium (IV) to different 

chelators, the different molecular targets identified using immunoPET, the drug delivery systems based on 
89Zr-antibody-drug conjugates/nanoparticles, and cell tracking with 89Zr, are reviewed and discussed. 
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1. Introduction 

Non-invasive molecular imaging has become a useful and essential tool to assist the physicians in the 

diagnosis and management of some diseases [1, 2]. Two techniques are used to achieve nuclear molecular 
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imaging, single-photon emission computed tomography (SPECT) and positron emission tomography (PET). 

Both procedures offer good sensitivity at the nanomolar scale, without any depth limit in soft tissues [3]. 

However, in clinical practice, it is preferred to use PET over SPECT, whenever possible, due to its greater 

sensitivity, which provides images with higher resolution and contrast [4]. 

The development of hybrid PET/CT scanners and the increasing availability of radionuclides, such as 11C, 
13N, 15O, 18F and 68Ga, have driven the use of PET images for cancer diagnosis in the last 20 years [5]. 

Nevertheless, the short half-life of all these radionuclides limits the use of PET imaging to small molecules 

with rapid metabolism and makes radiolabeling protocols challenging [6]. To label large biological 

molecules with a slow biodistribution profile, such as monoclonal antibodies (mAbs), cells or 

multifunctional drug delivery systems, it is necessary to use radionuclides with a longer half-life that 

matches the time required for these molecules to reach targets useful for PET imaging [7, 8].89Zr has been 

considered the best radionuclide to study these large biomolecules, due to its half-life (t1/2 = 3.27 d) and low 

positron energy [9, 10], which is why more than 700 papers, reporting macromolecules or cells labeled with 
89Zr, have been published in the last 15 years. 

The purpose of this paper is to summarize recent achievements in 89Zr-radiochemistry and imaging research. 

The works including the radionuclide production, the development of bifunctional chelators for 89Zr4+ and 

their coordination chemistry with respect to the stability properties and pharmacokinetics of chelates, are 

also revised and discussed. Moreover, attention was paid to the different trends in the field embracing 89Zr-

immunoPET imaging and 89Zr-based imaging, which exploit delivery systems other than antibodies such as 

nanoparticles and live cells. 

 

2. Physical Characteristics of 89Zr 

89Zr decays by positron emission (23%) and electron capture (77%) to 89mY (t1/2 = 16 s), which de-excites 

through the emission of a high-energy -ray (909 keV), and the rest to several excited levels of 89Y, followed 

by emission of photons , and into the same metastable level 89mY. The 89Zr β+ energy values 

(maximum/average 902/396 keV) are intermediate, between those of low-energy β+ emitters, such as 18F and 
64Cu (maximum/average energy 633/250 keV and 653/217 keV, respectively), and those of high energy, 

such as 86Y, 124I, 68Ga and 44Sc (maximum/average energy 3141/665, 2138/819, 1900/829 and 1474/631 

keV, respectively) (Figure 1) [11].Therefore, compared to other β+-emitter radionuclides with similar half-

life, such as 86Y (t1/2 = 14.74 h) and 124I (t1/2 = 4.1760 d), 89Zr allows PET imaging with better spatial 

resolution, being the intrinsic spatial resolution loss of the order of 1.0 mm, comparable to that of 18F (0.7 

mm) [12]. Moreover, both 86Y and 124I emit prompt gamma rays, which coincide with positron decay, 

causing spurious coincidences, blurring the PET image, and producing quantification errors. The 909-keV -

ray from 89Zr decay, besides having an energy far from the annihilation peak, does not coincide with the 

PET signal, emitted due to the de-excitation of 89mY, which is characterized by a long half-life (16 s), 

compared to the typical coincidence timing window of PET systems. Consequently, 89Zr can be classified as 

a pure PET radioisotope, as in the case of 11C, 13N, 15O and 18F [13] and allows the acquisition of high-

resolution PET images [14]. 
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Figure 1. Energy distribution of positrons emitted by different radionuclides, normalized to one + particle.  

The low branching ratio for the β+ decay of 89Zr is the same as that of 124I (23%) and slightly lower than that 

of 86Y (32%), as can be seen in the decay schemes displayed in Figure 2. Although the presence of the -ray 

at 909 keV affects the absorbed dose, limiting the amount of activity that can be administered to patients, the 

total energy emitted per decay (1.26 MeV/nt) is lower than 124I (1.3075 MeV/nt) and 86Y (3.7956 MeV/nt). 

However, while 86Y and 124I can already be used in tandem with radiotherapeutic agents such as 90Y and 131I, 

for personalized treatment planning or real-time therapy monitoring (theranostics), the possible therapeutic 

counterparts of 89Zr, such as the β-emitters 97Zr (t1/2 ~ 16.74 h) and 95Zr (t1/2 ~ 64.0 d), have not yet been 

explored. 

 

3. Production methods 

Recently, the International Atomic Energy Agency (IAEA) started a Coordinated Research Project focused 

on “Production of 89Zirconium and the Development of 89Zr-Radiopharmaceuticals”, with the main 

objective of improving the 89Zr production steps (target design and manufacturing, separation and 

purification methods), quality control protocols and radiopharmaceutical development [15]. 

Different nuclear reactions involving proton (p), deuteron (d), alpha (α) and neutron (n) impacts on 89Y (p or 

d), natSr (α), and 90Zr (n), respectively, have been suggested for 89Zr production. The α energy range suitable 

to produce 89Zr through natSr irradiation appears to be 20-8.5 MeV because it gives 0.9 MBq/μA∙h as integral 

yield, and limits the co-production of radionuclide impurities [16]. Radionuclidic impurities produced in this 

energy range, by the end of irradiation, will be 88Zr (0.56%) and 86Zr (0.73%). However, due to the different 

half-lives of the two radioisotopes, while the contribution of 86Zr (t1/2=16.5 h) will rapidly decrease with 

post-irradiation time, that of 88Zr (t1/2=2001 h, decaying to 88Y, t1/2=2544 h) will increase, reaching levels too 

high for medical application. To better exploit the natSr(α,xn)89Zr excitation function, the energy range 47-35 

MeV has also been evaluated by theoretical calculations, providing an estimated yield of about 15 

MBq/μAh, but also demonstrating a non-negligible production of isotopic impurities [17]. 
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Figure 2. Simplified radioactive decay schemes for 89Zr, 18F, 124I and 86Y. Only radiations with an abundance higher than 5% were 

considered.  

The 90Zr(n,2n)89Zr reaction also appears not suitable for medical application, since the maximum cross-

section occurs at about 20 MeV, but the high-energy neutron beam intensity, obtained as secondary 

particles, will be low, producing 89Zr with low specific activity [17]. 

Because of the higher rate of production with a lower level of impurities and a lower energy beam 

requirement, 89Zr is usually obtained using accelerators, via the bombardment with deuterons or protons of 
89Y, i.e., 89Y(p,n)89Zr and 89Y(d,2n)89Zr. One of the main advantages of these production routes is that, being 

100% the natural isotopic abundance of 89Y, the yttrium target preparation and post-irradiation processing 

could be performed by avoiding complicated and expensive enrichment operations and recycling processes. 

Experimental data concerning both reactions [89Y(d,2n)89Zr and 89Y(p,n)89Zr] have been evaluated by the 

IAEA, under a Coordinated Research Project (CRP) [18]. The selected and recommended cross sections are 

available on the IAEA website [19]. A different evaluation procedure of the same reactions was also 

performed by Amjed et al. [20], including an estimation of the level of the88Zr impurity. 

The 89Y(p,n)89Zr nuclear reaction has a threshold at about 4 MeV and there is a broad peak in the energy 

range 11-16 MeV. As the threshold energy values for the formation of radioactive impurity 88Zr occurs at 

about 13 MeV [21, 22], and the best proton energy for maximum yield is in the range of 14-9 MeV with 

limited radioisotopic contaminants, available to a large number of medical cyclotrons. The calculated 

integral yield in this energy range is 58 MBq/μA∙h, according to Omara et al. [22], while Amjed et al. [20] 

estimated 63 MBq/μA∙h with a 0.36% contribution of the radioisotopic impurity 88Zr. The same authors 

evaluated an integral yield of 50.4 MBq/μAh, in the energy range of 13-9 MeV, where 100% pure 89Zr 

would be obtained. 

The threshold energy for the 89Y(d,2n)89Zr reaction is about 6 MeV, while to produce the long-lived 88Zr, 

formed by the 89Y(d,3n) channel, the energy is of 15.5 MeV [23]. According to Amjed et al., pure 89Zr can 

be obtained with a yield of 74 MBq/μAh for a d energy of 17 MeV and the yield can be increased up to 122 

MBq/μAh in the energy window of 30-17 MeV, but with 3% of 88Zr impurity [20]. The 67-MBq/μAh yield 

obtained by Zweit et al. [24], in high-current production runs. performed over the d energy range of 16-7 

MeV, agrees with the theoretical value, while the experimental yield of 58±5 MBq/μAh, obtained at 13 MeV 

deuterons by Tang et al.[25]. 
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Analyzing the results of the two production routes, the production rate of 89Zr, by proton beam, is expected 

to be higher than that by deuteron beam, in the low-energy region, but lower beyond 22 MeV [20]. The 
89Y(p,n)89Zr reaction is therefore the method of choice for low-energy medical cyclotrons, while the use of 

deuteron beams could provide an advantage in terms of activity production if high-energy cyclotrons are 

available. 

The high-current p irradiation of yttrium solid targets has already been extensively employed to produce 89Zr 

in GBq amounts, with practical yields slightly lower than the theoretical values, as expected, since medical 

cyclotrons use liquid and gaseous targets; nowadays, some attempts are underway to produce 89Zr through 

liquid targets. Yttrium solid targets have been prepared using foils, pressed powders, electrodeposition and 

sputtered material [26]. Among the most common solid target preparation methods, Y foils are largely 

adopted due to their ease of use, despite the superior heat transfer characteristics of sputtered Y targets [27, 

28], allowing higher beam current irradiations. As sputtered targets also suffer from high cost and 

standardization issues, an alternative type of cyclotron solid target has recently been developed by tightly 

binding a metallic Y disc with a niobium backing plate, using the Spark Plasma Sintering (SPS) technique 

[29]. Despite the production yields and the radioimpurity profile of the final 89Zr obtained after the 

dissolution and purification processes of SPS-made targets, these were comparable to foil target results; the 

former having the advantage of easier processing and handling for purification steps post-irradiation. 

Besides, no damage was observed on the SPS-made targets, even after irradiation at 60 μA, suggesting the 

possibility of manufacturing thicker targets, capable of withstanding higher proton current irradiation, in 

order to increase the radionuclide yield. 

Liquid targets provide advantages in terms of target processing and cost [30, 31], but the obtained yield of 
89Zr is lower compared to solid targets, although both the yield and purity are sufficient for local use [32]. 

The use of liquid targets for radiometal production causes extremely high in-target pressure, even at low 

beam current, caused by the formation of H2 and O2 gases, due to the radiolysis of water. The effects of 

solution composition on in-target chemistry during 89Zr production, from natural, isotopically-pure 89Y salts, 

have been studied [33] and 89Zr production conditions and purification methods using liquid targets have 

been summarized by Pandey et al. [31]. 

An alternative method of producing 89Zr, via photonuclear reactions using 55-MeV bremsstrahlung 

irradiation from natural niobium and natural molybdenum samples, was also proposed [34]. Produced yields 

are significantly lower than the 89Y(p,n)89Zr reaction yield, but with an insignificant contribution to total 

activity due to the 88Zr impurity. 

 

4 Coordination Chemistry of 89Zr  

4.1. Fundamentals 

Zirconium is a group 4 transition metal with a wide range of applications, including nuclear medicine. In 

aqueous solutions, zirconium exists mainly in the +4 oxidation state, although less common oxidation states 

(+1, +2, +3) have also been reported. The Zr+4 cation, with its [Kr]4d0 electronic configuration, is a highly 
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charged ion that forms complexes with variable coordination geometries and coordination numbers (CN), 

ranging from 4 to 12, although complexes with high CN are ideal [35, 36]. Zr+4 usually forms six- and octa-

coordinated complexes; the latter, with dodecahedral or square antiprismatic geometries. Coordination 

species with lower CN usually need additional ligands to reach an octa-coordinated environment, making 

the metal complex vulnerable to hydrolysis and polymerization reactions [36], thus forming polynuclear 

entities (e.g., dimers, trimers and tetramers) that are joined by hydroxo- or oxo-donor groups [35]. 

Due to its high charge and small ionic size, Zr+4 is considered a hard Lewis acid, with a strong affinity for 

hard Lewis bases that contain anionic oxygen or nitrogen donors, and very occasionally with sulfur donors 

[37]. Therefore, polydentate ligands, characterized by anionic oxygen donors, are preferred. 

As for all radiometal-based targeting agents, a suitable BFCA must be carefully chosen to attach the 89Zr 

radioisotope to the targeting molecule. A large number of articles and comprehensive reviews focused on the 

design and synthesis of high-affinity zirconium chelators for antibody coupling have been reported [6, 38-

42]. Of note, many of the proposed chelators were initially investigated for the complexation with other 

trivalent radiometal ions or as actinide sequestration agents. 

Either way, the thermodynamic stability and kinetic inertness of the metal-chelator complex are among the 

most important factors that must be considered as they determine the selectivity of the metal toward the 

chelator and consequently its potential application in the radiopharmaceutical field. Above all, the kinetic 

stability of the coordination complex with regard to the loss of the metal ion from the chelator is deemed the 

main factor that affects the in vivo pharmacokinetics of a radiolabeled compound. Other important aspects 

that contribute to stability and selectivity toward specific metal-ion chelation in vivo are coordination 

number, redox stability, protonation constants, counterion bounding, transchelation of radiometal to metal-

bounding proteins, and metabolic stability. Specific enzyme-mediated reactions must also be considered 

because they can alter the chemical structure of the complex, resulting in a reduction in its kinetic and 

thermodynamic stability. 

For optimal stability, the coordinating atoms of the ligand should embrace the geometry enforced by the 

metal, fulfilling the requirements of metal coordination thus preventing the challenge from extraneous 

ligands [43]. Therefore, octa-coordinating chelators are preferred over six-coordinating ones (vide infra). 

Stable coordination of radioactive 89Zr4+ in an aqueous milieu is also of crucial importance when developing 
89Zr-tagged proteins. 

 

4.2. Zirconium(IV) Chelators 

Structures of the most commonly used high-denticity acyclic and cyclic 89Zr chelators, along with their 

coordinating atom sets, are shown in the following subsections. In principle, such ligands are particularly 

effective in generating robust complexes because of their high-denticity (chelate effect). When a 

preorganized binding pocket is offered, the entropic cost of complexation may be readily accessible with a 

raised effect on the inertness of the metal complex. This effect is particularly evident for macrocyclic 

chelators, although their rigid structure makes them more kinetically inert compared to their acyclic 
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counterpart, thus high ligand amounts, extended reaction time, and heating are necessary for optimal 

radiochemical yield. In contrast, acyclic chelators can be rapidly radiolabeled even at room temperature 

(RT) because of the high bound rotation freedom in their free form. The outcome of such freedom is the 

high entropic cost of complexation that leads to reduced stability with respect to macrocycles. 

4.2.1 Polyazacarboxylate chelators. The structures of acyclic and cyclic 89Zr polyazacarboxylate chelators 

used in radiopharmaceutical applications are shown in Figure 3. 

  

Figure 3. Structures of acyclic and cyclic 89Zr polyazacarboxylate chelators used in radiopharmaceutical applications. 

Zr+4 strongly prefers polyanionic hard donor chelators, as proved by the stability constants of its complexes 

with the acyclic polyazacarboxylate chelators EDTA and DTPA (log KML = 27.7, 29.4 and 35.8, 36.9 

respectively). X-ray data of both complexes displayed a total coordination number of 8 in a dodecahedron 

arrangement (Figure 4). 

 

Figure 4. Crystal structures of Zr-EDTA (A) and Zr-DTPA (B) 

A B

Zr Zr
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Specifically, the geometry of Zr-EDTA is a distorted dodecahedron composed of the N2O4 six-dentate 

chelator (two nitrogen atoms of ethylenediamine and four oxygen atoms of the carboxyl groups) and two 

oxygen-bound water molecules to complete the metal coordination sphere [44]. DTPA is fully octa-dentate 

(N3O5) in its Zr+4 embracing [45]. However, EDTA and DTPA were not very successful in chelating 89Zr+4; 

unstable radiocompounds with negligible radiochemical yield (RCY) were obtained. 

Orvig et al. investigated another series of acyclic polyazacarboxylate chelators to which H6Phospha belongs 

(Figure 3) [42]. Radiolabeling of H6phospa-trastuzumab with 89Zr+4 in phosphate buffered saline (PBS; pH 

7.4) revealed poor radiometal incorporation (<12%) even after 18 h of incubation at both RT and 37 °C. 

Tetraazamacrocycles, such as DOTA and its derivatives, were also tested as Zr+4 chelators. DOTA is an 

N4O4 octa-dentate ligand, so in principle it does not fit well with the high oxophilic demand of the hard Zr+4 

ion. Despite the initial observation of the failure to form stable Zr+4 complexes, recent studies by Pandya et 

al. clearly proved the ability of DOTA and its two derivatives (DOTP, which contains phosphonate pendant 

groups and DOTAM comprising hydroxamate pendant groups) (Figure 3) to produce very stable 89Zr-

labeled compounds with high yield [46]. X-ray diffraction data of Zr-DOTA complex show a compressed 

square antiprismatic geometry, all four nitrogen atoms of the macrocycle and the acetate pendant groups 

contribute to Zr4+ coordination to meet the requirement of an octa-coordinated complex. The structure in 

Figure 5 displays that the metal is completely caged in the DOTA scaffold; this could be the key for the 

relation between the structure of the complex and its unexpected performance both in vitro and in vivo. 

 

Figure 5. Crystal structure of Zr-DOTA 

Compared to acyclic ligands, these macrocycles required heating at 90 °C for a prolonged reaction time to 

give the radiocomplexes in satisfactory yields. This demand represents an important limitation in the context 

of labeling temperature-sensitive molecules. Radioactive analogs prepared using standard procedures based 

on 89Zr-oxalate precursor resulted in low radiochemical yields, probably because of the competition between 

the macrocycle ligand and the oxalates in solution. In contrast, the usage of 89ZrCl4 as the starting material 

allowed quantitative complexation of the chelators, suggesting that differences in reactivity are probably 

determined by the 89Zr-species present in solution. 89ZrCl4 readily undergoes aquation in solution to generate 

multiple μ-hydroxo-and μ-oxo-bridged species. However, when 89ZrCl4 is mixed with a buffered solution of 

the macrocycle, in the absence of a competing oxalate ligand, the formation of the 89Zr-complex is favored 

over the formation of 89Zr-OH species. 

Notably, comprehensive stability studies of these 89Zr-DOTA-based complexes demonstrated their 

remarkable stability, which outperformed all competitors, including the gold standard DFO. On the basis of 

Zr
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EDTA challenge studies, the order of the complexes stability is 89Zr-DOTA >> 89Zr-DOTP > 89Zr-

DOTAM > 89Zr-DFO. However, the elevated temperature needed for complexation 89Zr-DOTA is an 

important limitation for immunoPET applications. 

Lately, Pandya et al. also described the synthesis and complete characterization of four Zr-complex with 

polyazamacrocycle chelators: Zr-TETA (TETA= 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic 

acid), Zr-TRITA (TRITA= 2,2′,2″,2‴-(1,4,7,10-tetraazacyclotridecane-1,4,7,10-tetrayl) tetraacetic acid)), Zr-

PCTA (PCTA=3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid), and Zr-

NOTA (NOTA= 2,2’,2”-(triazacyclononane-1,4,7-triyl)-triacetic acid) (Figure 3) [47]. The crystal structure 

of Zr-chelates resulting from the TRITA, PCTA, and NOTA ligands has also been reported. X-ray analysis 

data give a further indication that Zr4+ prefers an octa-coordinated ligand environment. In fact, when the 

chelator is unable to provide eight coordinating units, binuclear complexes are formed to saturate the metal 

coordination sphere (Figure 6). 

 

Figure 6. Crystal structure of Zr-TRITA (A), Zr-PCTA (B), and Zr-NOTA (C) 

89ZrCl4 was used as a precursor for the radiosynthesis of the Zr-complex with polyazamacrocycle chelators, 

the labeling conditions are reported in the following. 89Zr-PCTA and 89Zr-NOTA were quantitatively 

obtained under mild conditions (60 min 37 °C), showing robust stability in vitro and in vivo behavior. In 

contrast, 89Zr-TRITA was achieved only under forcing conditions (120 min 99 °C), and revealed poor 

stability. The preparation of 89Zr-TETA could not be accomplished, despite repeated attempts using 

conventional and microwave-assisted strategies.  

Imaging studies of 89Zr-PCTA and 89Zr-NOTA in healthy mice revealed that both compounds presented 

rapid distribution and clearance from the blood and liver within the first 60 min, as well as rapid renal 

excretion. Considering that polyazamacrocycles can chelate a range of radionuclides for imaging and 

therapy, the authors concluded that their utilization in immunoPET imaging may lead to new strategies for 

developing theranostic agents [47]. 

4.2.2 Hydroxamate-based DFO analogs. Deferoxamine B (DFO) is a hexadentate acyclic siderophore that 

contains three hydroxamic acid groups suitable for metal coordination and a terminal primary amine group, 

which is useful as an anchor site for biomolecule conjugation (Figure 7). The rationale for the use of this 

chelator for Zr4+ lies in the preference of the metal for hard anionic donor groups and its ability to coordinate 

monohydroxamate ligands. Currently, DFO is the most widely used chelator for 89Zr-immunoPET. Methods 

used for random and site-specific bioconjugation of DFO-based BFCA to antibodies and their derivatives 

A B C

Zr Zr ZrZrZr
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have been fully described in two recent reviews [41, 48]. Despite its wide use, which makes it the gold 

standard for 89Zr-immunoPET, this ligand cannot completely satisfy the eight coordination sites of Zr4+ 

because it is a hexadentate chelator. Several reports have demonstrated insufficient in vivo stability of 89Zr-

DFO bioconjugates, because radiometal dissociation of Zr-DFO leads to the accumulation of free 89Zr in 

bone (ID/g 10-15% at 6 d p.i.). 

There is no crystal structure of Zr-DFO, although density functional theory (DFT) studies predicted that the 

metal is coordinated with the three hydroxamate groups of DFO and that the metal coordination sphere is 

completed by two hydroxide ligands [Zr(DFO)(OH)2] rather than two water molecules [Zr(DFO)(OH2)2]
2+ 

[49-51]. Consequently, the highly oxophilic Zr4+cation is stabilized by the coordination of eight oxygen 

atoms. These results stimulated the rapid development of a series of high-denticity chelators based on DFO. 

The first, an octadentate chelator with four hydroxamic acid groups, named DFO* (Figure 7) was prepared 

by Patra et al. [52]. The eight oxygen donor atoms are intrinsically present in the DFO* structure; therefore, 

it can accommodate the metal to give an octa-coordinated complex according to DFT calculations. 



 

 

Figure 7. Structures of acyclic and cyclic 89Zr Polyazacarboxylate chelators used in radiopharmaceutical applications 



 

89Zr-DFO* was accessible in high yield under mild reaction conditions within 2 h of incubation at RT and 

exhibited inertness to transchelation when challenged with DFO, as well as superior in vivo properties. 89Zr-

DFO* showed lower uptake in bone, liver, and spleen 6 d p.i. than DFO. Recently, Cho et al. conjugated 

DFO* and DFO to the human IgG (hIgG) and to the antibody-drug conjugate trastuzumab-emtansine (T-

DM1) to compare the in vitro stability and the in vivo PET imaging of both chelators after 89Zr-labeling [53]. 

All complexes were obtained with high radiochemical purity (RCP; in the range 90-91%). 89Zr-DFO*-hIgG 

was stable in human plasma or under challenge reactions with EDTA (0.1 mM), while challenge with DFO 

(0.1 mM) produced a loss of 89Zr (26 %) after 5 d. In contrast challenge of 89Zr-DFO-hIgG with DFO* (0.1 

mM) brought up to 77% of 89Zr release after 5 d. 89Zr-DFO*-T-DM1 maintained high affinity for HER2 

receptors present in SK-BR-3 (Kd = 2.2 nM) and SK-OV-3 (Kd =1.9 nM) cells. Biodistribution studies of 
89Zr-DFO*-T-DM1 in mice showed significantly lower uptake in non-target tissues such as bone, liver, 

kidneys, and spleen than those of 89Zr-DFO-T-DM1. The uptake of 89Zr-DFO*-T-DM1 and 89Zr-DFO-T-

DM1 in SK-OV-3 tumors was moderate (5.0 %ID/g and 6.3 %ID/g, respectively). Therefore, the author 

concluded that the conjugation of DFO* to T-DM1 provides a more stable chelation of 89Zr and, 

consequently, better imaging properties [53]. 

The DFO* scaffold was modified with oxygen atoms by the Codd and Gasser groups [54-56].The Cood 

group used cultures of Streptomyces pilosus to develop a bioengineering route to synthesize the DFO 

derivative with three oxygen atoms in its backbone, DFO-O3 (Figure 7) [54]. DFO-O3 backbone was then 

chemically extended with an additional hydroxamate group to generate more soluble derivatives of 

octadentate DFO*, DFOB-PBH. Nevertheless, the combination of bioengineering and chemical synthesis 

yielded only small amounts of chelators [54]. Gasser et al. prepared by solid-phase syntheses a very similar 

octadentate DFO* derivative with four oxygen atoms in its backbone and called oxo-DFO* (Figure 7) [56]. 
89Zr-tagging of oxo-DFO* was performed efficiently at neutral pH and RT within 2 h of incubation (Table 

1), suitable conditions for temperature-sensitive molecules [55]. In this proof-of-concept study, the authors 

also presented the in vitro stability of 89Zr-oxoDFO* and compared it with those of less water-soluble 89Zr-

DFO* and DFO. Results showed that both the octa-coordinated 89Zr-oxoDFO* and 89Zr-DFO* 

outperformed the six-coordinated 89Zr-DFO [55], however, in vivo data were not reported. 

Linear tetrameric hydroxamic acid ligands were prepared by Brown et al. as a potential BFCA for 

immunological 89Zr4+ PET imaging conjugating PPH (5-[(5-aminopentyl)(hydroxy) amino]-5-oxopentanoic 

acid) or PPHNOCO (2-(2-((2-(2-aminoethoxy)ethyl)(hydroxy)amino)-2-oxoethoxy)acetic acid) to 

desferrioxamine B (Figure 7) [57]. DFOB-PPH and DFOB-PPHNOCO were compared with DFO* and DFO 

in challenge experiments with the Fe3+ metal ion and EDTA chelator. Results showed that tetrameric DFO*, 

DFOB-PPH, and DFOB-PPHNOCO displayed a marked preference for Zr4+ over Fe3+. The initial formation 

rates of the Zr-DFOB-PPH and Zr-DFOB-PPHNOCO complexes were higher than that of Zr-DFO*, which 

could reflect a superior match between the Zr4+ ionic radius and the increased volume of the coordination 

sphere provided by the two DFO derivatives. In the presence of excess EDTA, Zr-DFOB-PPHNOCO 

dissociated faster than Zr-DFO* and Zr-DFOB-PPH, suggesting that any beneficial increase in water 

solubility conferred by the presence of ether -oxygen atoms in the chelator is counterbalanced by a reduction 

in complex stability. Outer-sphere solvation of the ether-oxygen atoms in Zr-DFOB-PPHNOCO may 
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increase the entropic contribution to the dissociation of the complex [24]. Based on this pilot investigation, 

the authors identified DFOB-PPH as a ligand with a conceivable use for 89Zr-immunoPET imaging [57]. 

Donnelly’s group proposed a squaramide (Sq) ester derivative of DFO, where two oxygen atoms on the Sq 

dione backbone were expected to complete the metal coordination sphere (NC=8) (Figure 7) [58]. Even if 

there is no evidence of octa-coordination, 89Zr-labeled DFO-Sq conjugates produce complexes that are more 

stable versus ligand exchange reactions than the corresponding DFO derivatives. The same group appended 

DFO-Sq to Tyr3-octreotide (DFOSq-TIDE) and Tyr3-octreotate (DFOSq-TATE) and labeled them with 68Ga or 

89Zr at RT (RCY> 95% in 30min) [59]. All four agents showed good tumor uptake in an AR42J xenograft 

model expressing SSTR2 and produced good quality PET images. 

Chomet et al. reported a head-to-head comparison of DFO* and DFO chelators to select the best candidate 

for clinical immunoPET [60]. In this study cetuximab and trastuzumab antibodies were tagged with 89Zr via 

DFO-NCS, DFO*-NCS, DFOSq or DFO*Sq to compare their in vitro stability after incubation in serum 

(37 °C, 7 days), in formulation solution (24 h), and in the presence of an excess of exchanging chelators 

such as EDTA, DFO, and DFO*. Besides, the 89Zr-DFO* and 89Zr-DFO chelate's stability towards 

challenging metals was assessed by using a panel of endogenous metal cations selected for their 

coordination capacity for DFO. Outcomes of this study again highlight the superiority of octadentate ligands 

for Zn4+ and give an important contribution to the understanding of the complexation behavior of the Sq 

group. However, 89Zr-DFO* derived conjugates always resulted in higher stability compared to their DFO 

counterparts, while 89Zr-DFO-NCS-mAb and 89Zr-DFOSq-mAb showed comparable stability. The 

difference in the stability features of DFOSq and DFO* derivatives supports the suspect that the Sq group is 

not involved in coordination with the metal ion or does not have the same bond strength as the hydroxamate 

ligands. Biodistribution studies of 89Zr-antibody conjugates performed in two different xenograft tumor 

models (HER2 and EGFR-expressing), showed similar tumor uptake for all conjugates, but lower bone 

uptake for DFO* cetuximab and trastuzumab conjugates. Lower bone uptake of DFO* conjugates was also 

confirmed with an intratibial (BT-474) model of bone metastasis, where DFO* conjugates demonstrated 

superior detection of tumor-specific signal and much better tumor-to-background contrast than DFO 

conjugates. Therefore, the authors concluded that DFO* was more performing both in vitro and in vivo than 

the clinical gold standard DFO, irrespective of the linker used (NCS and Sq) [60]. These results corroborate 

the data obtained by Berg et al. in a previous comparative investigation, in which total-body imaging of 

rhesus monkeys was performed, up to 30 days after the administration of a 89Zr-tagged humanized mAb 

specific to herpes simplex viral glycoprotein D [61]. Labeling was achieved via DFO-NCS, DFO*-NCS, 

DFOSq or DFO*Sq, to evaluate and compare their pharmacokinetics. Authors found that Zr-DFO* and 

DFO*Sq complexes showed markedly lower bone uptake at 30 days p.i. compared to their DFO 

counterparts [61]. 

DFO-HOPO is another DFO-based octadentate chelator that was initially developed as a sequestering agent 

for treating plutonium (IV) poisoning [62]. DFO-HOPO contains three hydroxamic acid groups from DFO 

and one hydroxypyridinone group (Figure 7) [63]. Allot et al. used the non-radioactive natZr-DFO-HOPO 

complex to confirm the coordination of the metal ion by the chelator by spectrometric and spectroscopic 

analyses. Additionally, DFT calculations were performed to verify the steric and electronic ability of DFO-
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HOPO to generate a Zr+4 octadentate chelate. In accordance with the lower-energy conformation, the 

optimized geometry presents a metal center coordinated to eight oxygen atoms of the chelator. Like in the 

case of 89Zr-DFO*, the enhanced coordination ability exerted by the octadentate chelator improved the 

stability of 89Zr-DFO-HOPO compared to 89Zr-DFO [63]. Therefore, the DFO-HOPO chelator showed good 

potential for the future development of biomolecules labeled with 89Zr. 

4.2.3 Other hydroxamate derivatives. Guérin et al. reported a new branched acyclic N-hydroxy-N-methyl 

succiamide-based chelator (4HMS in Figure 7) with eight O donor atoms for 89Zr+4 complexation. 

Radiolabeling efficiency, stability, and in vivo performance of 89Zr-4HMS were assessed and compared with 
89Zr-DFO [64] 89Zr-4HMS was obtained at pH 7 and RT in 5-10 min with a molar activity 3 times higher 

than that of 89Zr-DFO. In vitro studies demonstrated that 89Zr-4HMS was stable against transmetalation and 

transchelation. Additionally, in vivo studies demonstrated that the complex was cleared from most tissues in 

24 h and that at this time the uptake of kidney, liver, bone, and spleen was significantly low. These features 

make 4HMS a promising chelator for the development of 89Zr-RPs. 

To combine the kinetic inertness of the macrocyclic structure with the need to have eight oxygen donor 

atoms, Guérard has designed and tested a series of cyclic (C5-7) and acyclic (L5-7) tetrahydroxamic acid 

chelators suitable for generating octa-coordinated Zr-complexes [65, 66] (Figure 7). In this study, the length 

of the carbon chain between each coordinating unit (from 5 to 7 carbon atoms) was changed to vary the pre-

organization of the ligand, thus finding the optimal ring size that gives Zr-complexes thermodynamically 

stabile and kinetically inertness. Macrocycles comprising 28, 32, or 36 atoms (C5-7) were designed and 

compared with their corresponding linear counterparts (L5-7), assessing the impact of the macrocyclic effect 

on the stabilization of the compounds. The larger ligands C7, L7, and L6 were found to provide excellent 

complexation capabilities (> 99% complexation after 120 min at 20 °C). The corresponding 89Zr-complexes 

were characterized by excellent stability and inertness properties. Both linear and cyclic chelates with a 7-

term length spacer were more stable than 89Zr-DFO. As expected, better results were achieved with the 

cyclic C7 chelator (36 atom ring) compared to its linear counterpart L7. 

Supported by the results of Guérard, Seibold et al. designed a new macrocyclic based on important 

assumptions, so the ligand: 1) must include four hydroxamate coordinating units, to fully satisfy the 

coordination requirements of the highly oxophilic Zr4+; 2) should be cyclic to exploit the macrocyclic effect; 

3) should be rotationally symmetric to allow the formation of a symmetrical complex, reducing isomerism; 

4) should be hydrophilic and 5) should possess a chelator cavity (ring) size that fits the radius of the central 

metal ion to maximize the complex stabilities. The results of computational studies indicated that the ring 

must contain at least 36 atoms. Therefore, authors developed a four-hydroxamate-containing chelator, 

CTH36, for the stable complexation of Zr4+ (Figure 7) [67]. CTH36 was efficiently labeled at RT, within 30-

60 min, under mild reaction conditions and the 89Zr-CTH36 coordination compound was stable to challenge 

with EDTA at neutral pH. 

Zhai et al. investigated in parallel the properties of a cyclic natural siderophore with three hydroxamate 

units, fusarinine C (FSC), initially studied for 68Ga-labeling and its triacetylate derivative (TAFC) (Figure 7) 

[68]. The authors assumed that FSC could be a good option for 89Zr-labeling with chelating properties 

similar those of DFO but with potentially higher stability because of its cyclic structure. Labeling of DFO 
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and TAFC was carried out efficiently at RT and neutral pH by incubation with 89Zr-oxalate and a very small 

amount of chelators. Despite the presence of only six coordinated atoms, 89Zr-FSC/TAFC possesses 

excellent stability and inertness compared to 89Zr-DFO, supporting the added value of the cyclic structures 

vs the linear one. The higher 89Zr-TAFC stability was confirmed by a competition study, in which 89Zr-DFO 

completely transchelated within 1 h, in the presence of 1000-fold molar excess of TAFC. In contrast, 40% of 
89Zr-TAFC was intact after 7 days of incubation in a 1000-fold molar excess of DFO. FSC presents three 

secondary amino groups that can be used as anchor sites for targeting vectors and generate trimeric 

structures. This feature is a limitation in immunoPET, where conjugation to the BFCA of a single antibody 

is preferred. To overcome this drawback and improve the coordination properties of FSC-based chelators, 

FSCs were modified by introducing additional carboxyl groups to saturate the 8-coordination position of 

Zr4+ and embed functionalities for the conjugation to one targeting vector, indicated as FSC(succ)2, 

FSC(succ)2AA, FSC(succ)3 in Figure 7 [69]. The complexation with NatZrCl4 was promptly achieved, 

resulting in high purity natZr-FSC(succ)2AA and NatZr-FSC(succ)3 complexes with 1:1 stoichiometry as 

determined by ESI-MS spectroscopy. 89Zr-complexes were efficiently prepared under mild conditions from 
89Zr-Ox2 and their chemicalphysical properties and stability were compared with those of the prototype 89Zr-

TAFC and the gold standard 89Zr-DFO. The radiocompounds displayed high PBS and human serum (HS) 

stabilities and low protein-bound activity over a period of 7 days. Acid dissociation and transchelation 

studies revealed different in vitro stabilities, in the order: 89Zr-FSC(succ)3 > 89Zr-TAFC > 89Zr-

FSC(succ)2AA >> 89Zr-DFO. The superior stability of the TAFC- and FSC-containing complexes with 

respect to 89Zr-DFO is due to the macrocyclic structure. Moreover, the increased stability of 89Zr-FSC(succ)3 

over its 89Zr-analogs was attributed to its higher coordination number and better geometrical arrangement. 

The lower stability of 89Zr-FSC(succ)2AA compared to 89Zr-FSC(succ)3 could be due to the loss of the 

symmetrical structure. However, the successful synthesis and promising results obtained with 89Zr-

FSC(succ)2AA highlight the potential of FSC(succ)2 as a monovalent chelator for conjugation to targeting 

molecules such as mAbs [69]. 

Very recently, two new semi-rigid chelators based on the seven-membered heterocycle 6-ammino-1,4-

diazepane scaffold were added to the series of hydroxamate derivatives (Figure 8) [70, 71]. These chelators 

are characterized by a backbone that includes two nitrogens that belong to the macrocyclic diazepam 

scaffold and one exocyclic nitrogen, which are coupled with hydroxamate-containing side chains. The N-

methyl-hydroxamate groups were maintained as donor groups to efficiently coordinate the metal ion. These 

hybrid structures combine the advantages of linear and cyclic systems, allowing for fast radiolabeling under 

mild conditions and high stability of the complex. This kind of chelator was previously investigated for the 

complexation of other trivalent radiometal ions. 

Klasen et al. described the development of the Hy3ADA5 chelator (5-(6-(4-(5-(6-(4-

(benzyloxy)(methyl)amino)-4-oxobutanaamido)-1.4-bis(4-((benzyloxy)(methyl)amino)-4-

oxobutanoy1)1,4diazepan-6-yl)pentanoic acid and two additional bifunctional derivatives that carry a Sq or 

p-isothiocyanatophenyl active groups for protein conjugation and the in vitro evaluation of the 

corresponding 89Zr-tagged chelates (Figure 8) [70].  Hy3ADA provides high RCY (>90%) after 60 min at 

RT, an extension of the incubation time to 90 min under the same conditions was necessary for Hy3ADA5-
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Sq and Hy3ADA5-NCS to achieve high RCY. Both 89Zr-Hy3ADA5 and 89Zr-Hy3ADA5-Sq showed good 

stability after 7 days of incubation in PBS and HS. 89Zr-Hy3ADA5-NCS was less stable, 77% of the 

complex was degraded 24 h after incubation in HS. Hy3ADA5 chelators were compared with DFO 

mesylate, DFO-Sq, DFO-NCS, and DFO*-NCS under identical conditions. Stability studies in PBS 

disclosed no measurable release of radiometal from DFO chelates, but after incubation in HS 89Zr-DFO-Sq 

revealed slight instability and 89Zr-DFO remained stable. 

Hy3ADA5-Sq and Hy3ADA5-NCS were also conjugated to the model antibody bevacizumab to study the 

stability of the immunoconjugates. Constructs were radiolabeled under mild conditions, and the RCY of the 

corresponding 89Zr-labeled immunoconjugates ranged from 82 to 89%; consequently, size exclusion 

chromatography purification was necessary to remove unbound radiometal before further in vitro 

investigations. Under identical reaction conditions, the linear analogs DFO-Sq-mAb and DFO-NCS-mAb 

showed superior 89Zr-labeling properties providing fast and high-performance complexation of the 

radiometal. All investigated radio-immunoconjugates, based both on Hy3ADA5 and DFO, did not show 

significant loss of radiometal within the 7 days either in the formulation medium and in HS. However, in 

vivo studies were not reported [70]. 

Russelli et al. designed and developed two other new hexadentate chelators based on the 6-amino-1,4-

diazepine scaffold, named AAZTHAS and AAZTHAG, for 89Zr-labeling and PET-imaging. Their aim was 

to improve the rigidity of the 89Zr-chelate using N-methyl-N-(hydroxyl)succinamide or N-methyl-N-

(hydroxyl)glutaramide pendant group attached to the cyclic structure (Figure 8) [71]. In vitro studies 

demonstrated that AAZTHAG was the best chelating agent for 89Zr, exhibiting a stability of 86% after 72 h 

of incubation in HS. The complex was also highly stable in vivo, and only low uptake of free 89Zr was found 

in bones and kidneys. A functionalized version of AAZTHAG, activated with a reactive ester group, was 

prepared and combined to trastuzumab as evidence of its conjugation to molecules of medical interest. The 

final 89Zr-radioconstruc proved to be stable in different solutions for at least 4 days. However, no in vivo 

studies in animal models have been reported. 

 



 6 of 68 

 

Figure 8. Structures of 89Zr semi-rigid chelators based on the 6-amino-1,4-diazepane framework used in radiopharmaceutical 

applications. 

4.2.4 Hyroxypyridinone (HOPO)-based Chelators Over the past years, fruitful research by Raymond et al. 

has resulted in the development of a library of rationally designed ligands consisting of multidentate 

hydroxpyridinoate, hydroxyisopthalamide, terepthalamide and catecholate coordinating units, as actinide 

sequestration agents [72] and numerous attempts have been made to adapt them for Zr+4 radiochemistry. 

Deri et al. proposed a linear chelator composed of four hydroxypyridinone groups (HOPO) to chelate the 

Zr4+, as an alternative to hydroxamate-based ligands [73-75]. HOPO is an octadentate ligand made up of a 

speramine scaffold coupled with four hydroxypyridinone units, thus offering eight oxygen donors for Zr4+ 

metal binding (Figure 9). The crystal structure of Zr-HOPO confirmed the formation of a neutral specie in a 

dodecahedral geometry, in which the central metal is coordinated to eight oxygen atoms from the four 1.2-

HOPO groups, (Figure 10). The radiosynthesis of 89Zr-HOPO was efficiently conducted in water at RT and 

neutral pH. Incubation times depended on the concentration of the ligand; low concentrations required 

extended reaction times (60 min). 89Zr-HOPO shows superior stability than 89Zr-DFO, demonstrating 

remarkable resistance to transchelation, over 7 days, to 100-fold excess of EDTA in various pH values, and 

to competition with an excess (10-fold) of different metal ions at physiological pH and 37 °C [74]. 

Ma et al. reported the use of tripodal chelators, originally planned for 68Ga-radiolabeling. These are a 

tris(hydroxpyridinone) ligand containing 1,6-dimethyl-3-hydroxpyridin-4-one chelating units, designed as 

CP256 or THP, and its bifunctional analog, YM103, characterized by a maleimide group, useful for site-

specific conjugation of antibodies through available active cysteine residues (Figure 9) [76]. Both CP256 

and the conjugated YM103-trastuzumab were labeled with 89Zr with high yield and specific activity. 89Zr-

CP256 proved to be stable in vitro and in vivo; nevertheless, the corresponding 89Zr-YM103-trastuzumab 

was much less robust, and upon in vivo administration a significant increase in radioactivity accumulation in 

bone tissues was detected compared to 89Zr-DFO-trastuzumab as a reference. These results led the authors to 

conclude that the tripodal configuration of the hydroxypiridinone units in CP256 and YM103 chelator was 

not optimal for 89Zr4+ stabilization.  
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Figure 9. The structure of 89Zr hyroxypyridinone-(HOPO)-based chelators used in radiopharmaceutical applications. 

In an attempt to overcome the limits of CP256 and YM103 and completely satisfy the octa-dentate metal 

coordination sphere, Buchwalder et al. investigated a tetrapodal chelator based on four 3-hydroxy-4-

pyridinone (3,4-HOPO) coordinating groups (THPN) [77].  

 

Figure 10. Crystal structure of Zr-HOPO 

Computational studies and spectrometric analysis of the natZr-THPN complex show a 1:1 Zr-to-THPN 

stoichiometry, indicating that the coordination sphere around the metal ion is saturated by the octadentate 

THPN ligand. The thermodynamic stability of natZr-THPN was measured in solution titration experiments. 

Data revealed one of the highest formation constants found for a Zr-chelate (logβML = 50.3; pM = 42.8) [78]. 

The closest reported value is for the natZr-(3,4,3-LI(1,2-HOPO) complex: log βML = 43.1, 7 orders of 

magnitude lower [79]; while the stability constant for the natZr-DFO system was log βMHL =47.6 [80, 81]. At 

Zr
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the tracer level, quantitative formation of 89Zr-THPN was achieved within 10 min at RT, with a 

concentration of 16.7 μM THPN. 89Zr-THPN was stable in serum and exceed 89Zr-DFO in the EDTA 

challenge, as well as in a direct competition study. Data from animal studies indicate that 89Zr-THPN was 

rapidly excreted with no signs of demetalation or residual organ uptake. Encouraged by these preliminary 

results, authors further investigated the stability features of the Zr-chelate and produced the corresponding 

BFCA derivative (p-SCN-Bn-THPN). SCN-THPN derivative and SCN-DFO and SCN-DFO* were 

conjugated to the hyperbranched polyglycerol (HPG) carrier, to compare the stability of 89Zr-complexes. 

The radiolabeling and the integrity of the radioconstructs were studied both in vitro and in vivo for several 

days. [78]. Although all three radioconjugates remained intact in HS over 5 days, the in vivo evaluation 

showed a lower physiological stability of 89Zr-tagged bifunctional THPN conjugate than DFO and DFO* 

radiochelates, as shown by enhanced 89Zr+4 bone uptake. This outcome is in contrast with the remarkably 

high thermodynamic stability of the chelate and suggests either kinetic or metabolic lability that could arise 

from coordinative changes, attributable to the covalent conjugation of the radiocomplex 89Zr-THPN. Thus, a 

study aiming to increase the kinetic inertness of radiochelate is necessary [78]. 

Moving on macrocycle structures, Tinianow et al. described the preparation and evaluation of octadentate 

chelators containing 3-hydroxypyridin-2-one coordinating units in a di-macrocyclic motif (BPDETLysH22-

2,3-HOPO) and its mAb derivative [82]. The "clam shell" design of this bi-macrocyclic ligand was selected 

as a compromise between a linear structure of DFO-like siderophores and a rigid macrocyclic arrangement 

to permit a fast complexation rate and enhanced stability of the resulting complex, which cannot be achieved 

by acyclic ligands. The incorporation of the pendant free amino group was conceived as the conjugation site 

for mAbs or other molecular vectors. Radiochemical tests revealed that 2,3-HOPO was quantitatively 

radiolabeled with 89Zr within 15 min at RT, suggesting that this ligand exhibits 89Zr-binding features that are 

similar to those of other HOPO and terepthalamide (TAM) chelators described in the literature [75, 83]. 
89Zr-2,3-HOPO was found more resistant to DTPA challenge than 89Zr-DFO: 22% vs 59% transchelation 

respectively, during the 7-day study. While the stability of 89Zr-2,3-HOPO was not as impressive as that of 

chelators reported with analogs coordinating motifs [75, 83]. 

Roy et al. newly reported the in vitro and in vivo comparison of 3,2-HOPO vs DFO-based chelation 

conjugated to antimesothelin mAb, anetumab (MSLN) in three different tumor xenografts (NCI-Meso16, 

NCI-Meso21, and HT29-MSLN) [84]. Radiolabeling was performed by incubating 89Zr4+ and MSLN-

conjugates at RT for 1 h. The RCY for 89Zr-3,2-HOPO-MSLN was lower (80-85%) than for 89Zr-3,2-DFO-

MSLN (90–95%) thus PD10 purification was necessary to improve the RCP of the first one. Both 89Zr-

MSLN conjugates demonstrated a high binding affinity against MSLN target in pertinent cancer cell lines 

and their pharmacokinetic profiles were similar, except for tumor and femur. Ex vivo biodistribution and 

PET/CT imaging studies revealed that 89Zr-3,2-DFO-MSLN displayed higher tumor uptake and low bone 

concentration than 89Zr-3,2-HOPO-MSLN over 6 d. Furthermore, in vitro stability studies in HS indicated 

that 89Zr-3,2-HOPO-MSLN was less stable than 89Zr-3,2-DFO-MSLN, but the degradation products of the 

conjugates were not specifically identified [84]. 

Pandya et al. reported other di-macrocyclic chelators TAM1 and TAM2 that contain four TAM coordinating 

units to generate an eight-coordinate complex. [83]. These coordinating units are highly acidic and exist in 
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solution at neutral pH, as di-anions prompt to bind the Zr4+ cation with great avidity [72]. The ligand 

scaffold includes a pendant arm having a primary amine, suitable for conjugation to a variety of targeting 

ligands. The nonradioactive NatZr-TAM1 and NatZr-TAM2 complexes were easily prepared and ESI-MS 

analysis confirmed the 1:1 binding of NatZr4+ and the chelator. Data from DFT calculations indicate that the 

two complexes possess strikingly similar structures, despite differences in the connectivity of the ligands. 

TAM1 and TAM2 are coordinated with the metal center in an octa-coordinated mode by using the eight 

anionic oxygen atoms of the ligand. In both structures, the coordination environment of the Zr4+ ion is 

closest to a llll-edge antiprism. Despite the differences in rigidity, radiochemistry studies demonstrated that 

TAM1 and TAM2 were efficiently radiolabeled using the same conditions needed for 89Zr-DFO, within 15 

min at RT. Once formed 89Zr-TAM1 and 89Zr-TAM2 were more resistant to DTPA challenge than 89Zr-

DFO, and showed comparable stability in serum. Biodistribution studies carried out in healthy mice showed 

that the more rigid 89Zr-TAM1 complex was cleared faster from all tissues and was more stable in vivo 

compared to 89Zr-TAM2 consequently, very low bone accumulation was detected. These data seem to 

indicate that TAM1 may be considered a good candidate for further investigation. 

Bhatt et al. reported a pair of macrocyclic chelators characterized by the presence of hydroxyisopthalamide 

(IAM) as coordinating units (Figure 9) [85]. Interest in these ligands was due to the fact that coordination 

motifs are similar to those used by bacteria for metal ion sequestration and have been successfully exploited 

as ligands for a variety of lanthanide metal cations [72]. Thus, IAM-based systems were assumed to chelate 

Zr in an octadentate fashion via a combination of phenolic and carbonyl oxygen atoms. Besides, the IAM 

framework can be easily modified to obtain a number of ligands with different chemical features. IAM1 was 

formulated as a rigid tri-macrocycle composed of 24 and 30 member rings, while the IMA2 ligand was 

designed as a more flexible bi-macrocycle composed of 24 and 27 member rings. These structural 

differences were found to affect their behavior in vitro and in vivo. Radiochemistry studies showed that both 

ligands can be labeled in very high yield with 89Zr. However, the more rigid IAM1 chelator requires forcing 

reaction conditions (elevated reaction time and temperature), which are not suitable for radiolabeling of 

mAb conjugates. The more flexible IAM2 was quantitatively labeled at a lower temperature and reduced 

incubation time. Nevertheless, 89Zr-IAM1 was more resistant to DTPA and serum challenge, demonstrating 

higher in vivo stability than the corresponding 89Zr-IAM2. Upon 89Zr-IAM1 administration animal retained 

less activity in hepatic, renal, and bone tissues than those treated with 89Zr-IAM2, but their pharmacokinetic 

properties did not surpass those of 89Zr-DFO [85]. 

 

4.3. Radiosynthesis 

The zirconium-89 isotope, thanks to its long half-life (78 h) and decay mode, is an excellent radionuclide for 

immunoPET imaging with whole IgG antibodies. Unluckily, labeling these vectors may be a tricky process. 

Antibodies and their derivatives are often sensitive to pH and temperature, and the presence of different salts 

and buffers may generate aggregation and precipitation. Therefore, radiosynthesis must be performed under 

mild reaction conditions, in an adequate pH range (close to neutrality), at room temperature or 37 °C to 

avoid both irreversible aggregates formation and protein denaturation. 
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Additionally, the exploration of 89Zr isotope in the immuno-imaging area has been limited by the complicate 

aqueous chemistry of Zr4+, because under nonacid conditions it is possible to form multinuclear species or 

colloids [6] that are not suitable as starting materials for 89Zr-complex formation [86-89]. Consequently, 

when radiolabeling with 89Zr4+ in aqueous solutions it is necessary to prevent the formation of insoluble or 

polymeric 89Zr-hydroxo species, as well as the control of pH and temperature. 

Currently, different chelators for effective labeling with 89Zr4+ have been investigated (vide supra). Table 1 

summarizes the 89Zr tagging conditions and the labeling efficiency and effectiveness of the ligands 

mentioned above. In particular, most of the investigated chelators were originally proposed for other metals 

or radionuclides [90], thus the labeling could be inefficient and the complexes suffer from reduced stability. 
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Table 1. Tagging properties of the chelators for 89Zr 

Chelator Amount 
Molar 

Activity 
Labeling conditions 

RCY 

(%) 
Stability over 7 d note Ref 

Polyazacarboxylate 

DTPA   RT, pH 7, 60 min 0.10 Unstable  [91] 

H6Phospha   37 °C, pH 7, 60 min  12.0   [42] 

DOTA 10 µg  

89Zr(Ox)2 (~20 MBq in 100 μL) 
pH 7.2-7.5 with Na2CO3 (1 M), 
99 °C, 2 h. 

89ZrCl4 (40 MBq in 100 µL), 
0.5 M HEPES, 95 °C, pH 7.2, 1 
h. 

65 ± 
9.6 

99 

Stable in HS, to transchelation 
with EDTA and biologically 
relevant metal ions challenge.  

Bone uptake 0.025 %ID/g. 

 

Non suitable for 
temperature-
sensitive molecules 

[46] 

TRITA 
10-50 µg  

18-24 µgg 

0.89 
GBq/μmol 

89Zr(Ox)2 (~20 MBq in 100 μL) 
pH adjusted to 6.9−7.3 with 
HEPES (0.5 M, pH 7.1−7.3), 99 
°C, 2 h. 

89ZrCl4 (40 MBq in 100 µL) 0.5 
M HEPES, 180 °C microwave 
heating, pH 3.9-4.2, 1 h. 

3 ± 
1.3 

80 

∼90% of the initial activity of 
89Zr-TRITA was transchelated 
to EDTA, 62% of the 
compound remain intact after 
transmetalation with 
biologically relevant metal 
ions. 

 [47] 

NOTA 

PCTA 

 

10-50 µg   

89Zr(Ox)2, pH adjusted to 
6.9−7.3 with HEPES (0.5 M pH 
7.1−7.3), 99 °C, 2 h. 

15 ± 
5.7 

 

35 ± 
9.3 

∼35% of the activity initially 
of 89Zr-NOTA was 
transchelated to EDTA. 88-
99% of the compound remain 
intact after transmetalation 
with Ga3+ and Cu2+. 

89Zr-PCTA stable in HS, to 
transchelation with excess 
EDTA and challenge of 
biologically relevant metal 
ions.  

 [47] 

15-20 µg  

0.99 
GBq/μmol 

 

0.10 
GBq/μmol 

89ZrCl4 (40 MBq in 100 µL), 
HEPES (0.5 M), pH 3.9-4.2, 37 
°C, 1 h. 

99 

Hydroxamate Based (DFO analogs) 

DFO 1 mM 
57 
GBq/μmol 

89Zr(Ox)2 (37–100 MBq, RT, 
pH 7, 10 min. 

98 
Transchelation with EDTA 
(47-60 %). Unstable. Bone 
uptake > 10 %ID/g 

 

Gold standard 

[76, 
92] 

DFO* 3 µM 
5 - 6 
GBq/μmol 

89Zr(Ox)2 (37–100 MBq) 
neutralized with Na2CO3 (2 M), 
pH adjusted to 6.8−7.2 with 
HEPES (1 M, pH 7.1−7.3), RT, 
2 h. 

100 Stable 
Suitable for PET 

[52] 

Oxo-DFO* 10 μM --- 

89Zr(Ox)2(10–20 MBq) 
neutralized with Na2CO3 (2 M), 
pH adjusted to 6.8−7.2 with 
HEPES (0.5 M, pH 7.4), RT, 2 
h.  

99 
Stable to transchelation at RT 
and pH 6 with an excess of 
DTPA (5 mM or 50 mM). 

 

Suitable for PET 
[55] 

DFO-sq --- --- 

89Zr(Ox)2 neutralized with 
Na2CO3 (2 M), pH adjusted to 
6.8−7.2 with HEPES (0.5 M, 
pH 7.4), RT, 25 min.Purified on 
PD-10 size exclusion column 

100 
Quite stable: slight 
transchelation to EDTA (50 
mM) at 24h, 50 °C 

 

Suitable for PET 
[58] 

DFO-HOPO 3–8 µM 
20 
MBq/nmol 

89Zr(Ox)2(20–45 MBq) 
neutralized with Na2CO3 (2 M), 

99 
Stable to transchelation with 
EDTA and DFO. Stable in 
mouse serum and PBS. 

 

Suitable for PET 
[63] 
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pH adjusted to 7 with HEPES 
(0.5 M, pH 7), RT, 1 h. 

4HMS 
7-8 nmol/ 

205 ul 

170 
GBq/μmol 

89Zr(Ox)2 (30 MBq)  Na2CO3 
(1 M)pH 7-7.5, RT, 10 min 

99 

Stable to transchelation with a 
100-fold excess of DTPA, 
transferrin and biologically 
relevant ions. Stable in plasma 
and PBS. Bone uptake 0.2% 
ID/g 

 

Suitable for PET No 
bioconj. version 

[64] 

Linear 

tetrahydroxamate 
n=5, L5 

150 µM 
0.96 
MBq/nmol 

89Zr(Ox)2, Na2CO3 (1 M), pH 7, 
80 °C 30 min 

87 

Stable in HS and PBS. 

Unstable to transchelation with 
EDTA 

 
[65, 
66] 

Linear 
tetrahydroxamate 
n=6, L6 

150 µM 
1.26 
MBq/nmol  

89Zr(Ox)2, Na2CO3 (1 M), pH 7, 
RT, 2 h 

95 

Stable in HS and PBS. 

Unstable to transchelation with 
EDTA 

 
[65, 
66] 

Linear 
tetrahydroxamate 

n=7, 

L7 

150 µM 
1.31 
MBq/nmol 

89Zr(Ox)2, Na2CO3 (1 M), pH 7, 
RT, 2 h 

99 
Stable in HS, PBS and to 
transchelation with EDTA 
(79%) 

 

Suitable for PET No 
bioconj. version 

[65, 
66] 

Cyclic 
tetrahydroxamate 

n=5, C5 

150 µM 
0.30 
MBq/nmol  

89Zr(Ox)2, Na2CO3 (1 M), pH 7, 
80 °C, 30 min 

29 

Stable in HS and PBS. 

Unstable to transchelation with 
EDTA. 

 
[65, 
66] 

Cyclic 
tetrahydroxamate 
n=6, C6 

150 µM 
1.21 
MBq/nmol  

89Zr(Ox)2, Na2CO3 (1 M), pH 7, 
50 °C, 30 min 

92 

Stable in HS and PBS. 

Unstable to transchelation with 
EDTA 

 
[65, 
66] 

Cyclic 
tetrahydroxamate 

n=7, C7 

150 µM 
1.31 
MBq/nmol 

89Zr(Ox)2, Na2CO3 (1 M), pH 7, 
RT, 2 h 

99 
Stable in HS, PBS and stable to 
transchelation with EDTA 
(87%) 

 

Suitable for PET No 
bioconj. version 

[65, 
66] 

CTH36 

0.6 µM 

(320 
nmol) 

8.4–9.2 
GBq/µmo 

89Zr(Ox)2 oxalate solution 

(0.1M ; 13.5-18.5 MBq in 10 
μL) pH adjusted to 6.9−7.3 with 
HEPES (0.25 M), RT, pH 7, 30-
60 min 

95 
Stable to 100-fold excess of 
EDTA  

Need further 
validation 

[67] 

FSC 58 µM 

25 
GBq/μmol 

 

89Zr(Ox)2(30 MBq) neutralized 
with Na2CO3 (1 M), pH 
adjusted to 6.8-7.2 with HEPES 
(0.5 M, pH 7), RT 90 min 

100 

Stable in HS, PBS, to 
transmetalation with DFO 
(40%) and to transchelation 
with 1000-fold excess of 
EDTA pH 7 (<6%). 

 

Suitable for PET No 
Ab bioconj. version 

[68] 

Hy3ADA5 3.33 mM  

89Zr(Ox)2(10-12 MBq) 
neutralized with Na2CO3 (2 M), 
pH adjusted 7 with HEPES (0.5 
M, pH 7), RT 90 min. need of 
purification 

82 - 
89 

Stable in PBS and HS  
Need further 
evaluation 

[70] 

AAZTHAG 3.33 mM  

89Zr(Ox)2 (37 MBq) neutralized 
with Na2CO3 (2 M), pH 
adjusted 7 with HEPES (0.5 M, 
pH 7), 37 °C, 30 min, purified 
by PD10 

60 
Stable in HS, PBS and in vivo, 
low bone accumulation 

Need further 
evaluation 

[71] 

Hyroxypyridinone-(HOPO)-based 

HOPO 
10 mM/10 
µM 

 
89Zr(Ox)2, Na2CO3 (1 M), pH 
6.8-7.2, RT, 10 min/45 mina 

100 

Stable in HS, to transchelation 
with a 100-fold excess of 
EDTA in a wide pH range and 
to metal ions challenge 

Bone uptake 1 %ID/g. 

 

Suitable for PET 
[75] 
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Zirconium-89 is usually supplied in a 1 M oxalic acid solution [93], where it is accessible the formation of 

stable and soluble monomeric or low molecular weight 89Zr4+species such as zirconium oxalate (89Zr(Ox)2) 

apt as precursors for 89Zr-RPs preparation. Therefore, most radiosyntheses are based on ligand-substitution 

reactions of 89Zr(Ox)2 intermediates (see Table 1). The presence of oxalic acid, as well as the pH (~ 4) of 

these reactions may have implications on radiolabeling efficiency that can be significantly reduced. The 

elimination of the excess of oxalic acid prior to ligand addition [93] or the replacement of 89Zr(Ox)2 with 
89ZrCl4 as an alternative starting material significantly improves the radiochemical yield of the final 89Zr-

chelates [46, 47].89ZrCl4 can be easily produced by loading a 89Zr(Ox)2 solution onto an activated Sep-Pak 

QMA anion exchange cartridge [46, 47]. Oxalic acid is removed by washing the cartridge with water (>50 

ml). The activity can be completely eluted as 89ZrCl4 by chloride ion exchange (1.0 M HClaq.). However, 
89ZrCl4 in aqueous solutions can rapidly undergo polymerization, due to the high dilution [94]. 

The 89Zr solutions must be neutralized prior to use due to the sensitivity of antibodies to acid pH values. 

Hence, the use of buffer is necessary to adjust the reaction pH at 7–7.5; carbonate buffer (1-2 M), sodium 

acetate (0.25 M) and 0.9% saline solutions, as well as HEPES buffer (0.25-1 M, pH 6.8–7.4) and sodium 

CP256 

YM103 

1 mM/100 
µM 

 

89Zr(Ox)2, (500 kBq, 2.5 μL), 
ammonium acetate (0.1 M), pH 
6.5, RT, 10 min.  

89Zr(Ox)2, (500 kBq, 2.5 μL), 
ammonium acetate (0.1 M), pH 
6.5, RT, 60 mina 

99 

 

 

9 

Stable to transmetalation with 
10-fold excess of DFO, (7% 
dissociation). Vulnerable to 
transmetalation with 10-fold 
excess of (86% dissociation). 

Bone uptake 29 %ID/g. 

 [76] 

THPN 16.7 µM  
89Zr(Ox)2, Na2CO3 (0.1 M), pH 
6-7, RT, 10 min a 

100 

Stable in HS; stable to 
transchelation with 100-fold 
excess of EDTA over a wide 
pH range and to metal ions 
challenge. 

Bone uptake 1 %ID/g. 

 

BFCA 
version have lower 
stability over the 
corresponding DFO 
and DFO* 

[77, 
78] 

2.3-HOPO 
10 mM-10 
µM 

0.9 
GBq/μmol 

89Zr(Ox)2, (74-150 MBq/ 100 
μL neutralized with Na2CO3 (2 
M), pH adjusted 7 with HEPES 
(0.5 M, pH 7), RT, 15 min. Ab-
conjugated version needof 
purification by PD10 

100 
Limited stability in mouse 
serum 

Need further 
evaluation 

[82] 

DMTP1, TAM1 

DMTP2, TAM2 

60 µM 

60 µM 

0.99 
GBq/μmol 

0.98 
GBq/μmol 

89Zr(Ox)2 (22 MBq) Na2CO3 (1 
M), pH 7-7.5, RT, 15 min . 

100 

100 

Stable in HS and to 
transchelation with DTPA (50 
mM) at pH 7. 

Need further 
evaluation 

[83] 

IAM1 

IAM2 

5±10 
μL,(1.0 
mg/mL in 
H20) 

0.7 
GBq/μmol 

89Zr(Ox)2,(22.2 Mbq) pH 7-7.5 
by Na2CO3 (1 M), 95 °C, 2 h. 

89Zr(Ox)2,(22.2 Mbq) pH 7-7.5 
by Na2CO3 (1 M), 50 °C, 1 h 

100 

Stable in HS and to 
transchelation with DTPA at 
pH 7. Only 15% and 28% of 
the complex transchelate after 
1 and 7 d, respectively 

Unstable to transchelation with 
DTPA. 37% and 74% of 
complex transchelate after 1 
and 7 d, respectively. 

Non 

suitable for 
temperature-
sensitive molecules 

Not stable enoght 

[85] 

a The lowering of the ligand amount caused the complexation time to increase. Note: by increasing the number of coordination sites, the 
resulting complex stability improved. 89Zr(Ox)2 as [89Zr]Zr-oxalate solution 
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citrate (5 mM) with HEPES solution (0.5 M) are frequently used, while phosphate buffer should be avoided 

to prevent the formation of colloidal zirconium phosphate. Among these buffers, high concentrated 

carbonate is preferred because its tendency to form soluble complexes with zirconium can prevent metal 

precipitation, thus increasing the amount of 89Zr4+ available in solution for radiolabeling. However, the 

concentration must be controlled and the solution should not exceed pH 9, to avoid the formation of 

insoluble mixed carbonate hydroxide complexes [95] 

When 89Zr(Ox)2 solutions are used as the starting material for the radiosyntheses, the oxalate concentration 

needs to be maintained high until zirconium has been chelated to minimize the formation of polymeric 

species. Vosjan et al. strongly recommended that the total volume of 89Zr(Ox)2 (37-185 MBq) to be 

neutralized should be at least 200 μL, whenever the required activity is lower than 200 μL, oxalic acid (1 M) 

has to be added to reach this volume. According to Vosjan method, the 89Zr(Ox)2 solution can be neutralized 

by adding carbonate buffer (2 M, 90 μL,) followed by HEPES, (0.5 M pH 6.8–7.4; 300 μL) [96]. The free 
89Zr4+species and any unreacted small BFCA can be easily removed using a size-exclusion column such as 

desalting gravity flow columns (eg PD-10, NAP5) or spin columns with molecular weight cut-offs of 10 to 

50 kDa, which also serves as a convenient method of exchange of the solution buffer into injectable 

formulations [97]. The addition of gentisic acid, as a stabilizer, is indicated to reduce radiolysis. 

Looking at the labeling efficiency and effectiveness of the ligands presented in Table 1, it is clear that in 

general, linear chelators are able to quantitatively coordinate 89Zr at room temperature in a reasonable time 

(30-60 min), excluding only DTPA, H6Phospha, and L5. In contrast, macrocyclics often required heating, 

also at high temperature (99 °C), for extended times (30 min-2h), therefore, they are not suitable for the 

labeling of temperature sensitive molecules. Hence, despite the efforts to develop new chelators for 

coordination of 89Zr4+, DFO and its acyclic derivatives seem to be the most suitable class of BFCAs so far, 

because radiolabeling of the corresponding immunoconjugates is rapid under mild conditions and the 

resulting radioimmunoconjugates are sufficiently stable in vivo. 

Among the overall tested chelators, many are efficiently radiolabeled under mild reaction conditions and the 

resulting 89Zr-complexes are adequately stable toward transchelation and transmetalation reactions as well as 

in sera. In spite of this, they need further investigation to validate the effective potential in immunoPET 

imaging applications. 

 

5. 89Zr-ImmunoPET studies 

Therapy with monoclonal antibodies has proved a moderate safety profile due to their high specificity to 

antigens, consequently, the FDA has approved more than 95 mAbs and mAb-drug conjugates so far [98, 

99].However, not all patients benefit from this kind of treatment because the response rate depends on the 

tumor antigen density, vascular penetration, and tissue distribution of each patient. To improve clinical 

benefit, it is necessary to select the drug with personalized dosing for the patient. ImmunoPET provides a 

direct reading of the antigen density and allows monitoring of mAb accumulation to improve mAb therapy. 

Therefore, this imaging technique is increasingly used in early-phase clinical trials today [100]. To obtain an 

optimal immunoPET image with low background retention that allows to correctly visualized and quantify 
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the concentration of the radiolabeled tracer, it is necessary to have a high specific uptake in the target tissue 

with minimal binding to the healthy organs and rapid clearance of the unbound tracer. Although generally 

high hepatic uptake has been found in healthy liver due to the normal hepatic catabolism of antibodies [98, 

101]. 

89Zr-immunoPET imaging has been mainly used to validate in vivo the target expression in cancer lesions 

and to study the biodistribution of biological drugs, such as cold therapeutic antibody, to improve drug 

delivery and consequently the clinical benefit for the patient [102]. Generally, 89Zr-immunoPET studies are 

carried out labeling the intact mAbs directed against well-characterized antigens. Therefore, the goal of 

these studies is to select the patient for the therapy and predict his or her response to the treatment rather 

than target selection [99]. Usually, multiple time-point PET-imaging (from 1 to 7 days) is performed to 

optimize the acquisition protocols after a single tracer injection [1]. 

The first clinical trial with 89Zr-immunoPET was reported in 2006 by Borjesson et al., who treated patients 

with 74 MBq of 89Zr-DFO-cmAb U36 to improve the detection of head and neck carcinoma [103]. The 

authors established that using 89Zr-immunoPET it was possible to detect all primary tumors and most of the 

lymph node metastases, with a good performance comparable to those obtained with CT or MRI. 

Additionally, no adverse reactions were found. The effective dose calculated in women (0.66 +/- 0.03 

mSv/MBq) and men (0.53 +/− 0.03 mSv/MBq) demonstrated that this 89Zr-immunoPET agent can be safely 

used for tumor detection and for mAb-based therapy planning [104]. These encouraging results justify the 

growth of clinical studies based on 89Zr-labeled mAbs [100]. 

Most of the 89Zr-immunoPET agents have been developed by labeling FDA-approved mAbs, or that are 

currently being clinically studied for approval. The most important 89Zr-agents used in clinical trials are 

listed below, and an overview of these agents can be found in Table 2, as well as the status of the antibody 

and the 89Zr-immunoPET agent based on data from the clinicaltrial.gov website. Table2 also shows that all 
89Zr-agents were labeled using DFO as BFCA either via tetrafluorophenol-N-succinyldesferal (N-sucDFO) 

[105] or via p-isothiocyanatobenzyl-desferriox amine B (DFO-Bz-NCS) [106] that form, stable bonds with 

the lysine residues present in the proteins. The current radiolabeled strategy used in clinics relies on the 

reaction of the DFO derivatives with the 89Zr-oxalate although, it has been suggested to replace it with 89Zr-

chloride since the latter has demonstrated to facilitate the synthesis of 89Zr tracers for immunoPET with 

improved specific activity [107]. Radiolabeling of mAbs has been mainly done manually following the 

good-manufacturing-practice (GMP) guidelines production until now. However, a fully automated synthesis 

module for GMP-compliant production of 89Zr-mAbs has been developed to minimize the radiation dose to 

the operator while increasing the robustness and capacity of production [108]. 

 

5.1. HER2 targeting 

HER2 (human epidermal growth factor receptor-2) is an oncoprotein involved in the survival, proliferation, 

differentiation, angiogenesis, and metastasis of malignant cells. The overexpression of HER2 in many 

human tumors, including breast, ovarian, colon, stomach, and lung cancers, encourages the development of 
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anti-HER2 mAb to treat them [109]. Trastuzumab, the first humanized mAb approved by the FDA to target 

HER2-positive breast cancer, has significantly improved the patient’s prognosis [8]. 

Dijker et al. performed a clinical trial in 14 patients with metastatic breast cancer using 89Zr-trastuzumab 

and reported that it could detect previously known metastatic lesions and some that had been undetected 

earlier [110]. Authors found that the best time interval between the radiopharmaceutical administration and 

PET imaging was 4 to 5 days, and that the optimal dose to have a high tumor-to-background contrast was 50 

mg (37 MBq) of 89Zr-trastuzumab if the drug was used only for the PET imaging. They reported that the 

dose can be reduced to 10 mg for patients already on trastuzumab treatment, because the slow 89Zr-

trastuzumab hepatic elimination produced a higher blood concentration [110]. Lindstrom et al. reported that 

up to 15% of the patients with breast cancer experience a change in the HER2-expression during the period 

of tumor progression [111].Therefore, 89Zr-trastuzumab imaging has demonstrated to be a useful tool to 

assess to distinguish HER2-positive from HER2-negative breast cancer, to characterize the HER2 status of 

the complete tumor burden in patients [112, 113], to support the clinical decision of anti-HER2 therapy and 

to guide individualized treatment [114].  

Recently, Huisman et al. used mathematical modeling to determine the relation between target concentration 

and antibody tumor uptake. They found that initially, tumor 

 

Table 2. Summary of 89Zr-immunoPET agents used in oncologic clinical trials. 

Target Antibody 
Trade 

Name 
mAb Type 

mAbs 

Status 

89Zr-immunoPET 

imaging agent 

89Zr-agent 

status 
Tumor type REF 

CAI9.9 
HuMab-5B1 

(MVT-5873) 
--- Human 

Phase 1 

and 2 

89Zr-DFO-HuMab-

5B1 
Phase 1 Pancreatic cancer [115, 116] 

Carbonic 

anhydrase-IX 

(CAIX) 

Girentuxi-mab Rencarex Chimeric IgG1 
FDA-

approved 

89Zr-N-sucDFO-

girentuximab 

Phase 2 

Phase 3 

Renal Cell 

Carcinoma 
[117-119] 

CD20 Rituximab 
MabThera 

Rituxan 
Chimeric IgG1 

FDA-

approved 

89Zr-N-sucDFO-

rituximab 
89Zr-DFO-BZ-NCS-

rituximab 

Phase 2 

Phase 3 

B cell lymphoma 

Orbital inflammatory 

disease 

Interstitial lung 

disease 

[120-122] 

[123] 

 

[124, 125] 

CD20 
Ibritumomab-

tiuxetan 
Zevalin Murine IgG1 

FDA-

approved 

89Zr-N-sucDFO-

ibritumomab-tiuxetan 
Complete 

 Non-hodgkins  

 lymphoma 
[91, 126] 

CD44 
RG7356 

(RO5429083) 
--- 

Humani-zed 

IgG1 
Phase 1 

89Zr-N-sucDFO-

RG7356 
Phase 1 Solid tumors [127, 128] 

CD44v6 cmAb U36 --- Chimeric IgG1 --- 
89Zr-N-sucDFO-

cmAb U36 
--- 

Head and neck 

cancer 
[103, 104] 

CD8 IAB22M2C --- Minibody 
Phase 1 

and  2 

89Zr-DFO-BZ-NCS-

IAB22M2C 
Phase 2 

Metastatic Solid 

Tumors 
[129] 

CEA/CD3 AMG 211 --- 
Bispecific T-cell 

engager (BiTE) 
Phase 1 

89Zr-N-sucDFO-

AMG 211 
Phase 1 

Gastrointestinal 

adenocarcinoma 
[130] 

EGFR Cetuximab Erbitux Chimeric IgG1 
FDA-

approved 

89Zr-N-sucDFO-

cetuximab 
Phase 2 

Head and neck 

Lung cancer 

Colorectal tumors 

[131, 132] 

[132] 

[133-135] 

EGFR Panitumumab Vectibix Human IgG2 
FDA-

approved 

89Zr-DFO-BZ-NCS-

panitumumab 

Phase 1 

Phase 2 
Colorectal cancer [136] 



 17 of 68 

 

HER2 Pertuzumab 
Omnitarg 

Perjecta 

Humani-zed 

IgG1 

FDA-

approved 

89Zr-DFO-BZ-NCS-

pertuzumab 
Phase 1 Breast Cancer [137, 138] 

HER2 Trastuzumab Herceptin 
Humani-zed 

IgG1 

FDA-

approved 

89Zr-N-sucDFO-

trastuzumab 
89Zr-DFO-BZ-NCS-

trastuzumab 

Phase 2 

Breast Cancer 

Esophagogastric 

adenocarcinoma 

[110, 112-

114, 139, 

140] 

[141] 

HER3 GSK2849330 --- 
Humani-zed 

IgG1/IgG3 
Phase 1 

89Zr-DFO-BZ-NCS-

GSK2849330 
Phase 1 Solid tumors [142] 

HER3 
Lumretuzu-mab 

(RG7116) 
--- 

Humani-zed 

IgG1 
Phase 1 

89Zr-N-sucDFO-

lumretuzumab 
Phase 1 

Multiple solid  

tumors 
[143, 144] 

Mesothelin MMOT0530A --- 
Humani-zed 

IgG1 
--- 

89Zr-N-sucDFO-

MMOT0530A 
Phase 1 

Pancreatic cancer 

ovarian cancer 
[145] 

PD-1 Nivolumab Opdivo Human IgG4 
FDA-

approved 

89Zr-DFO-BZ-NCS-

nivolumab 
--- 

Non-small cell  

lung cancer 
[146] 

PD-L1 Atezolizumab Tecentriq 
Humani-zed 

IgG1 

FDA-

approved 

89Zr-N-sucDFO-

atezolizumab 

Not 

applicable 

Breast cancer (triple-

negative)  

Lung cancer (non-

small cell)  

Bladder cancer 

 [147] 

PSMA huJ591 --- 
Humani-zed 

IgG1 
Phase 2 

89Zr-DFO-BZ-NCS-

huJ591 

Phase 1 

Phase 2 
Prostate cancer [148-150] 

PSMA IAB2M --- Minibody Phase 2 
89Zr-DFO-BZ-NCS-

IAB2M 

Phase 1 

Phase 2 

Prostate cancer 

Brain tumor 

[151, 152] 

[153] 

STEAP1 

Vandortuzu-mab 

vedotin 

MSTP2109A 

--- 
Humani-zed 

IgG1 
--- 

89Zr-N-sucDFO-

MSTP2109A 

Phase 1 

Phase 2 
Prostate cancer [154, 155] 

Growth factor- 

(TGF-) 

Fresolimu-mab 

(GC1008) 
--- Human IgG4 Phase 2 

89Zr-N-sucDFO-

fresolimumab 
Phase 2 High-grade Glioma [156] 

VEGF-A Bevacizumab Avastin 
Humani-zed 

IgG1 

FDA-

approved 

89Zr-N-sucDFO-

bevacizumab 

Phase 1 

Phase 2 

Breast Cancer 

Neuroendocrine 

tumor 

Diffuse Intrinsic 

Pontine Glioma 

Von Hippel-Lindau 

Disease 

Non-small cell lung 

cancer 

Renal Cell 

Carcinoma 

[157, 158] 

[159] 

 

[160, 161] 

[162] 

[163] 

 

[164, 165] 

 

uptake increases with increasing target concentration, but at a high-administered mass dose of trastuzumab 

the value becomes constant. Based on this mathematical model, Huisman et al. concluded that false-positive 

findings differ in concordance with the cut-off used to define target positivity and the administered mass 

dose [166]. The first dosimetric study in adult women with positive HER2 breast cancer showed that about 

12% of the injected dose of 89Zr-trastuzumab is concentrated in the liver producing an absorbed dose of 1.54 

mSv/MBq. However, because the effective dose produced by the administration of 89Zr-trastuzumab was 

only 0.47 mSv/MBq and that no adverse effects were found, authors concluded that it can be considered a 

safe imaging agent [140].  Gaykema et al. also used 89Zr-trastuzumab PET imaging to assess the alteration 

of HER2 expression in ten breast cancer (HER2+) patients after the anti-angiogenic application (inhibitor 

NVP-AUY922: HSP90), which can deplete client proteins like HER2 [158]. They found that the difference 

in 89Zr-trastuzumab tumor uptake before and after HSP90 treatment can be used to monitor the modification 

of antigen expression and, consequently, to monitor the treatment response. 
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A Fab fragment of trastuzumab, which had been modified with the PASylation technology to increase its 

plasma half-life and consequently its tumor uptake, was labeled with 89Zr to obtain molecular imaging of 

HER2+ tumors [167]. This first in-human study demonstrated that 89Zr-HER2-Fab-PAS200 could identify 

lesions as early as 24 h post-injection due to its appropriate blood clearance, allowing sensitive visualization 

of small tumor lesions [167]. Trastuzumab has also been used to treat HER2-positive esophagogastric 

adenocarcinoma, but responses were poor due to the heterogeneity of HER2 expression and loss of HER2 

expression while undergoing trastuzumab therapy. O'Donoghue et al., assessed the HER2 status in 10 

patients with primary and metastatic esophagogastric adenocarcinoma using 89Zr-trastuzumab [141]. The 

authors found that 89Zr-trastuzumab imaging was able to detect local and metastatic lesion in 80% of 

patients with optimal tumor visualization from 5 to 8 days after injection, demonstrating the feasibility of 

using this 89Zr-agent to select patients with esophagogastric tumors who are likely to respond to HER2-

directed treatment. Dosimetry studies of these patients indicted that the liver (1.37 mGy/MBq) and heart 

wall (1.12 mGy/MBq) received the highest doses, although no clinically significant toxicities were observed 

[141]. 

Pertuzumab is another mAb that targets HER2 but binds to a different site from that of trastuzumab. Ulaner 

conducted the first study of pertuzumab labeled with 89Zr in six HER2-positive breast cancer patients to 

assess radiopharmaceutical safety [137]. 89Zr-pertuzumab could detect multiple sites of malignancy, 

including HER2-positive brain metastases and lesion in patients who had previously received and were 

receiving HER2-targeted therapy, with optimal imaging from 5 to 8 days after administration. Dosimetry 

studies demonstrated an average effective dose of 0.54 mSv/MBq. Therefore, authors concluded that 89Zr-

pertuzumab is a safe agent for HER2-targeted imaging that could be employed in the clinic to evaluate the 

HER2 status of lesions. The same group recently demonstrated that 89Zr-pertuzumab was helpful in 

successfully identifying metastases of breast cancer (HER2-positive) in cases where the primary tumor was 

HER2-negative [138]. 

 

5.2. EGFR targeting 

Epidermal growth factor receptor (EGFR or HER1) is also implicated in the proliferation, differentiation, 

and survival of different cancer cell entities. EGFR was one of the first tyrosine kinase receptors for which 

the ligand binding mechanism was studied. Several antibodies have been developed as inhibitors of EGFR, 

including cetuximab and panitumumab [168]. 

Cetuximab is a chimeric EGFR mAb. Van Oordt et al. administered for the first time 89Zr-cetuximab (10 

mg, 37 Mbq) in ten patients with RAS wild type colorectal cancer after the first therapeutic dose of 

cetuximab, to evaluate the tumor uptake of the antibody by immunoPET imaging [135]. Authors found that 

89Zr-cetuximab had uptake in the tumor lesions in 6 out of 10 patients, of which 4 had positive response 

(89Zr-cetuximab positive image in 3 of 4). However, Van Helden et al. reported that 89Zr-cetuximab imaging 

unsuccessful predicted therapy benefit in cases of RAS wild-type colorectal cancer treated with cetuximab in 

the modality of monotherapy [134]. Dosimetric studies in seven patients with colorectal cancer, injected 

with 89Zr-cetuximab after administration of a therapeutic dose showed an effective dose of 0.61 mGy/MBq 
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[133]. No toxicity was reported after the administration of up to 60 MBq of 89Zr-cetuximab, even when high 

liver uptake was reported [132, 135]. 89Zr-cetuximab was also used to predict the treatment response to 

cetuximab in 7 patients with locally advanced squamous cell carcinomas of neck and head (LAHNSCC). 

The results showed that 89Zr-cetuximab uptake in LAHNSCC presented a wide interpatient variety. 

Nevertheless, the authors concluded that it could be used to predict treatment outcome [131]. 

Panitumumab, a fully-humanized mAb has also been labeled with 89Zr-to calculate the maximum dosing for 

effective imaging in 3 patients with metastatic colon cancer [136]. Good-quality PET images were obtained 

after 5–7 days. Dosimetric studies after the injection of 37 MBq of 89Zr-panitumumab showed that the organ 

with the highest absorbed dose was as usual the liver. However, 89Zr-panitumumab showed a lower effective 

dose than 89Zr-cetuximab [136]. 

 

5.3. HER3 targeting 

HER3 has been described as a receptor with relatively weak kinase activity. HER3 is expressed in several 

carcinomas, its overexpression has been linked with a poor prognosis in multiple cancer subtypes, including 

breast, colorectal cancer, melanoma, cervical cancer, and ovarian cancer [169]. Consequently, HER3 has 

driven interest as a potential target for both imaging and therapy [142]. 

Lumretuzumab, also called RG7116, was the first humanized mAb reported to target HER3. This mAb was 

labeled with 89Zr and administered in patients with HER3-positive metastatic and locally advanced solid 

tumors, to assess its kinetics and tumor uptake during lumretuzumab treatment [143]. 89Zr-lumretuzumab 

demonstrated optimal PET imaging at 4 and 7 days after concomitant administration with 100 mg of 

unlabeled lumretuzumab [144]. Authors found specific uptake of labeled lumretuzumab in 19 of 20 patients 

with tumors. However, tumor tracer uptake decreased 4 days after injection, inter- and intra-patient 

heterogeneity was observed in lesions across the body and it was not possible to locate liver metastases due 

to high tracer uptake in the normal liver tissue [144]. 

GSK2849330, another anti-HER3 mAb, has been labeled by van Oordt et al. to study the biodistribution of 
89Zr-GSK2849330 and its dose-receptor occupancy relationship in 6 patients with advanced HER3-

expressing solid tumors [142]. Authors demonstrated the utility of immunoPET to predict the therapeutic 

dose of GSK2849330 required for the saturation of HER3 receptor on tumor lesions in patients [142]. 

 

5.4. VEGF targeting 

VEGFR (vascular endothelial growth factor receptor) and its ligand (VEGF) are involved in the regulation 

of many aspects of physiological and pathological angiogenesis. In particular, VEGF-A overexpression in 

some types of cancer has been related to the aggressiveness of the disease. Therefore, VEGF-A is considered 

an attractive target for angiogenic tumor therapy [8]. 

Bevacizumab is an FDA-approved mAb that targets all isoforms of VEGF-A. Gaykema et al. performed a 

pilot study in 23 patients using 89Zr-bevacizumab imaging [157]. PET scans performed 4 days after the 
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radiopharmaceutical administration demonstrated 89Zr-bevacizumab uptake in 25 of 26 breast tumors (range, 

4–80 mm) showing high sensitivity (96%) for detecting primary breast cancer. The authors also found that 

the VEGF-A tumor expression was in agreement with the 89Zr-bevacizumab tumor standard uptake value. 

Bahce et al. conducted another pilot study in seven patients to evaluate whether the VEGF-A tumor 

expression in NSCLC tumors could be quantified using 89Zr-bevacizumab [163]. PET scanner performed on 

days 4 and 7 after 89Zr-bevacizumab injection demonstrated that the radiopharmaceutical was uptake 

approximately four times more in tumor tissues than in healthy tissues. Additionally, Oosting et al. 

demonstrated that Hippel-Lindau disease (VHL) manifestations could be visualized using 89Zr-bevacizumab, 

but with high heterogeneity in tracer accumulation [162]. Further studies carried out by Van Zanten et al. 

demonstrated that 89Zr-bevacizumab tumor uptake was related with microvascular proliferation, therefore, it 

could be useful to identify intralesional heterogeneity [161]. 

Oosting et al. used 89Zr-bevacizumab also to evaluate the therapeutic response of metastatic renal cell 

carcinoma after a bevacizumab/interferon antiangiogenic treatment [164]. The results demonstrated a high 

target tumor uptake with remarkable interpatient and intrapatient heterogeneity, which may reflect 

differences in vascular characteristics and tumor VEGF-A production. Jansen et al. used 89Zr-bevacizumab 

imaging to investigate its uptake in children patients with glioma [160]. Results showed that 89Zr-

bevacizumab experienced uptake in 5 of 7 primary tumors, while no significant uptake was seen in the 

healthy brain. A considerable interpatient’ heterogeneity was also found in drug delivery. 89Zr-bevacizumab 

was predominantly concentrated within MRI contrast-enhanced areas. Authors reported a mean effective 

dose per patient of 0.9 mSv/MBq, and that 144 h after-injection was the optimal time to perform the PET-

scan [160]. 

89Zr-bevacizumab has also been used to study the effect of everolimus, an inhibitor that can reduce VEGF-A 

production, increasing the survival of patients with advanced neuroendocrine tumors (NETs) [159, 165]. 

PET scans demonstrated that 89Zr-bevacizumab tumor uptake decreased in patients who received everolimus 

treatment [165].  

 

5.5. CD20 targeting 

B-cells overexpress CD20 in cases of hematopoietic malignant diseases, such as B-cell non-Hodgkin 

lymphoma (NHL), melanoma, and chronic lymphocytic leukemia. Therefore, several mAbs have been 

developed to treat B-cell-related malignancies and autoimmune disorders [99]. 

Radioimmunotherapy (RIT) is an option for the treatment of lymphomas due to their highly radiosensitive 

nature. 90Y-ibritumomab tiuxetan is a monoclonal anti-CD20 for RIT of NHL (approved by the FDA). Since 
90Y is a pure -emitter, a surrogate radionuclide must be used to predict the radiopharmaceutical 

biodistribution before 90Y-ibritumomab tiuxetan treatment. Perk et al. labeled for the first time Zevalin 

(ibritumomab tiuxetan) with 89Zr for the evaluation of 90Y-Zevalin kinetics [91]. The results of their pilot 

study in a patient with NHL, showed clear uptake of 89Zr-Zevalin in all tumor lesions detected by [18F]FDG-

PET imaging two weeks earlier. Therefore, the authors concluded that 89Zr-Zevalin might be suitable for 

predicting 90Y-Zevalin biodistribution in a myeloablative setting. Subsequently, Rizvi et al. used 89Zr-
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ibritumomab tiuxetan as theranostic pair of 90Y-ibritumomab tiuxetan in seven patients with NHL. The 

authors concluded that 89Zr-ibritumomab could be used to predict dose-limiting organ during radiotherapy 

[126]. 

A pilot study using 89Zr-rituximab, another anti-CD20 mAb, was conducted in six patients with diffuse large 

B cell lymphoma expressing CD20 to assess the potential of this 89Zr-mAb to target CD20 [122]. The results 

confirmed the 89Zr-rituximab utility to guide personalized treatments. Muylle et al. performed dosimetric 

studies using 89Zr-rituximab and PET/CT imaging showed that when 90Y-rituximab was administered with 

unlabeled rituximab the radiation dose was similar for all patients, but when 90Y-rituximab was administered 

alone, the dose in the spleen increased in two patients and consequently also increased the whole-body dose. 

These data suggest that the common practice of preloading with cold rituximab before RIT should be 

reconsidered [120]. 

In addition to hematological malignancies, 89Zr-rituximab can be used to identify patients with rheumatoid 

arthritis who may respond to anti-B-cell therapies prior to treatment. Bruijnen et al. demonstrated that 89Zr-

rituximab is a promising agent for selecting and monitoring patients who respond to anti-B-cell therapies 

[121]. 

Adams et al. explored the possibility of visualizing CD20-expression in immune-mediated inflammatory 

lung diseases, as an early predictor of rituximab treatment response and demonstrated that 89Zr-rituximab 

imaging in patients with therapy refractory interstitial pneumonitis is feasible, showing mediastinal lymph 

nodes and lung parenchyma uptake in some patients. However, lower uptake was found when 1000 mg 

rituximab preload was administered, suggesting that in the future studies should consider 89Zr-rituximab 

imaging at low mAb dose before treatment with rituximab [124]. Adams group also used 89Zr-rituximab 

imaging to explain why a one-third of patients with immune-mediated inflammatory disease with interstitial 

pneumonitis did not respond to rituximab therapy [125]. Clinical results showed that patients with no 

response presented a significantly greater splenic activity than did responding patients, suggesting a possible 

splenic mechanism in patients with immune-mediated inflammatory disease with interstitial pneumonitis 

that did not respond to rituximab treatment. 

The potential of 89Zr-rituximab PET/CT imaging for the diagnostic and therapeutic management of 

refractory orbital inflammation has also been evaluated by Laban et al, who demonstrated that this complex 

could be used to detect B cell-mediated disease within the orbital adnexal [123]. 

 

5.6. CD44 targeting  

CD44 is another cell surface transmembrane glycoprotein overexpressed in many types of cancer and cancer 

stem cells. CD44 is an attractive therapeutic target because its overexpression has been associated with 

chemoresistance, tumor aggressiveness and metastatic potential, as well as tumor regrowth following 

standard therapy [170]. The v6 splice variant of CD44 (CD44v6), is predominantly expressed in squamous 

cell carcinoma. As already-mentioned, this was the first target used to detect primary tumors in the head and 

neck with 89Zr-DFO-cmAb U36 by immunoPET [103]. Later, Van Oordt et al. label a recombinant anti-
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CD44 IgG1 humanized mAb, called RG7356 with 89Zr, to evaluate its biodistribution in 13 patients with 

solid tumors expressing CD44 [128]. The PET imaging showed that 89Zr-RG7356 was efficiently 

accumulated in most lesions seen with FDG-PET, but also in the bone marrow, liver, and spleen, which 

could influence drug availability. 

Target-mediated absorption in healthy tissues was assessed by Jauw et al. administering 1 mg of 89Zr-

RG7356 after a dose of unlabeled RG7356 (0 to 675 mg) to 13 patients with solid tumors expressing CD44 

[127]. The authors calculated tracer uptake (tissue/blood relationship). They found that in a dose range from 

1 to 450 mg, the tisuue/blood value decreased from organs such as the spleen, liver, bone marrow lung, and 

kidney indicating dose-dependent uptake. This demonstrated that immunoPET could be used to quantify, in 

healthy tissues, the dose-dependent uptake. 

 

5.7. TGF- targeting  

Transforming growth factor– (TGF-) is a cytokine frequently expressed in malignant brain tumors that 

promote tumor growth, metastasis, angiogenesis, and immunosuppression inducing survival advantage of 

tumor cells [171]. Several types of TGF- inhibitors have been developed as the fresolimumab mAb, which 

is capable of neutralizing all mammalian isoforms of TGF-. Hollander et al. used for the first time 89Zr-

fresolimumab PET imaging to visualize and quantify fresolimumab uptake in twelve patients with glioma 

(high-grade, recurrent) [156]. PET imaging showed that 89Zr-fresolimumab was capable to pass the blood–

brain barrier and to reach the recurrent high-grade gliomas even though patients did not show benefit after 

fresolimumab treatment. 

 

5.8. PSMA targeting  

Prostate-specific membrane antigen (PSMA) is overexpressed in 95% of prostate cancers, up to 1,000 times 

more than in normal cells. It was reported that its expression levels increase in metastatic disease and in 

high-grade tumors [172]. Two PSMA mAbs have been developed so far, the 7E11, also known as capromab 

pendetide and the J591. 7E11 is a murine mAbs that binds to the intracellular domain of PSMA, exposed 

only after apoptosis or necrosis processes, so PET imaging of this antibody is not being studied. Instead, 

J591 is a humanized mAb also called huJ591. 

Osborne et al. conducted the first pilot study in 11 patients to explore the feasibility of 89Zr-huJ591 for 

locating prostate cancers [150]. They observed that intraprostate tumor foci could be identified using PET 

imaging, but only high-grade tumors were clearly visualized. The authors also found that there was a 

relationship between 89Zr-huJ591 tumor uptake and tumor aggressiveness [150]. Pandit-Taskar et al. carried 

out a study in 10 patients with metastatic prostate cancer (mPC) to validate the use 89Zr-huJ591 as an 

imaging biomarker for metastatic disease [148]. Patients were injected with 5 mCi of 89Zr-huJ591 and 

scanned four times within 8 days to perform biodistribution and dosimetric studies. PET images showed 

higher accumulation of 89Zr-huJ591 in bone and soft tissue lesions compared to conventional 99mTc-MDP 

and 18FDG imaging modalities. Dosimetric studies demonstrated that the critical organs were liver and 
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kidney with an average absorbed dose of 7.7 and 3.5 cGy/mCi, respectively. A subsequent study of the same 

group in 50 patients with progressive metastatic castration resistant prostate cancers showed that 89Zr-

huJ591 was a superior target agent for bone lesions compared to 99mTc-MDP because, 491 osseous sites 

were detected vs 339 identified by bone scan. In contrast, the detection of soft-tissue lesions was suboptimal 

due to 89Zr-huJ591 detected only 90 soft-tissue lesions vs 124 found by CT [149]. Authors reported that the 

best time for patient imaging was 7 days after injection [148]. 

Antibody fragments such as minibodies have been developed, to reduce the optimal detection time of 

lesions, from 6-7 days of the full antibody, to a few hours after injection. The genetically engineered 80-kDa 

minibody, IAB2M, obtained from the J591 antibody is an example. Pandit-Taskar et al. labeled IAB2M with 
89Zr and performed the first in human study, injecting 185 MBq of 89Zr-IAB2M concomitant with cold 

IAB2M at total mass doses from 10 to 50 mg in 18 patients with mPC, to evaluate its biodistribution and 

kinetics [151]. They reported that 89Zr-IAB2M showed favorable biokinetics and detection of metastases in 

soft-tissue and bone in patients with mPC. They a good lesion visualization within 48 h after 89Zr-IAB2M 

injection. An increase in the dose of cold IAB2M caused slower serum clearance, but no significant 

reduction in liver uptake. Kinetic and dosimetric studies in 17 patients injected with 74MBq (10mg) 89Zr-

IAB2M indicated that the liver had the highest absorbed dose [152]. The mean biological half-life was 237 h 

and the average effective dose was 0.68 mSv/MBq. 

PSMA expression has also been reported in the neovasculature endothelium of some tumors. Consequently, 
89Zr-IAB2M has been used in the imaging of other tumors, such as glioma and brain metastasis. [153]. 

  

5.9. STEAP1 targeting  

The exact function of the six-transmembrane epithelial antigen of the prostate (STEAP1) has not been fully 

determined, it seems to be a transporter protein or an ion channel with specific functions in multiple 

biological processes such as intracellular communication, iron metabolism, and cell adhesion that allow 

tumor proliferation and invasiveness. STEAP1 is overexpressed in prostate cancer, so it has been proposed 

to use it as a biomarker for worse prognosis of prostate or for therapeutic intervention with mAbs or 

antibody-drug conjugates [75]. 

Carrasquillo et al. evaluated the possibility of detecting metastatic castration-resistant prostate cancer by 

PET/CT imaging in 19 patients using an 89Zr-labeled STEAP1 mAb (MSTP2109A) [154]. The results 

showed that 89Zr-DFO-MSTP2109A was specifically bound to numerous metastatic castration-resistant 

prostate cancers located in bone and soft tissue. However, there was no correlation between 

radiopharmaceutical uptake in the tumor and survival or STEAP1 expression determined by 

immunohistochemistry (IHC). Pharmacokinetic studies carried out in 6 patients showed a whole-body 

biological half-life of 469 h. Dosimetric assessments demonstrated that the radiation doses to normal organs 

were relatively high. However, the authors reported that by administering activities similar to those used in 

other studies (37 to 74 MBq) it would be possible to obtain adequate images by reducing the radiation dose 

to normal organs [155]. 
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5.10. Mesothelin targeting  

Mesothelin (MSLN) is a membrane surface glycoprotein overexpressed by epithelial tumors such as 

mesothelioma, ovarian cancer, and pancreatic carcinoma, while its expression is minimal in healthy cells 

including mesothelial cells lining pleura, peritoneum and pericardium surface [173, 174]. 

Lambert et al. labeled for the first time an MSLN antibody called MMOT0530A with 89Zr and carried out a 

first-in-human study injecting it in patients with ovarian and pancreatic cancer [145]. The first two patients 

received 89Zr-labeled antibody (37 MBq, 1mg) with no additional unlabeled antibody and were imaged on 

days 2, 4, and 7 post-injection. The next 9 patients received the same amount of labeled antibody 

concomitant with unlabeled MMOT0530A. The authors found that the biological half-life of 89Zr-

MMOT0530A in the first group was shorter than in the second group, because higher tracer concentrations 

reduce antibody blood clearance. Biodistribution studies demonstrated that 89Zr-MMOT0530A was uptake 

in blood, kidneys, spleen, and intestine; however, the organ with the highest concentration was the liver in 

which unlike the other organs the uptake increased over time. PET scanning showed that most tumor lesions 

had maximum uptake 4 days after tracer injection, and that 89Zr-MMOT0530A tumor uptake did not 

correlate with IHC determined MSLN expression. 

 

5.11. PD-1 and PD-L1 targeting  

Programmed death receptor (PD1) is localized in the T-cells and over-expressed upon programmed cell 

death, while its ligand 1 (PD-L1) is an inhibitor of the immunity [175]. The PD-1/PD-L1 complex allows 

evasion of immune response by cancer cells, acting as an inhibitor of the killing effect of T-cells. To block 

this checkpoint and produce a therapeutic effect, several mAbs against PD-L1 have newly been developed as 

durvalumab, atezolizumab and avelumab [99]. However, PD-L1 block therapy suffers from a low response 

rate, and the reason is still unclear [176]. 

Atezolizumab has been labeled with 89Zr by Bensch et al. to assess the feasibility of predicting patients’ 

response to PD-L1 block therapy using PET imaging [147]. These authors carried out a PET imaging study 

in humans with 89Zr-atezolizumab in patients with three types of tumors, prior treatment with atezolizumab. 

They found that tumor uptake was heterogeneous but high, varying among patients and tumor entities. 

Furthermore, it was found that the PET signal was also high in lymphoid tissues and at sites of 

inflammation. Despite this, the results showed that patient’s clinical responses and progression free survival 

were better correlated with the pretreatment PET signal than with IHC, showing that PET images could be 

used to assess the status of PD-L1 and predict clinical response.  

It has also been proposed that the combination of anti-PD-L1 PET imaging with IHC of tumor biopsies 

could help quantify PD-1 levels [177]. Several mAbs against PD-1, such as nivolumab, cemiplimab and 

pembrolizumab, have also been developed, but among them only nivolumab has been labeled with 89Zr. 

Niemeijer et al. used 89Zr-nivolumab as a biomarker for the quantification of PD-1 in non-small cell lung 

cancer, prior to nivolumab treatment [146]. This first study in humans showed heterogeneous uptake of 89Zr-
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nivolumab in the tumors that correlates with the heterogeneity of PD-1 expression in lymphocytic 

aggregates determined by IHC. Therefore, 89Zr-nivolumab proved to be a feasible and safe biomarker for 

non-invasive quantification of the PD-1 expression in humans. However, authors reported that more 

extensive studies are needed to validate these results. 

 

5.12. CA19-9 targeting  

Carbohydrate antigen 19–9 (CA19-9) is normally in blood circulation, however, its expression in the 

pancreatic tumor is several orders of magnitude greater. Consequently, CA19-9 is currently used for 

predicting pancreatic tumor stage, response to therapy and resectability, as well as overall survival. Hence, a 

fully human IgG1 mAb that specifically binds to the CA 19–9 antigen, called HuMab-5B1, was developed 

and labeled with 89Zr. The first in human study, conducted by Lohrmann et al., in nine patients injected with 

171 MBq of 89Zr-HuMab-5B1, demonstrated that labeled-mAb was accumulated in known local 

recurrences, lymph node, lung, peritoneal and bone metastases from the second day after injection, 

increasing over time and reaching the best visualization on day 7 [115].89Zr-HuMab-5B1 biodistribution was 

characterized by relatively high liver and spleen uptake, with very low concentration in other parenchymal 

tissues. However, it was found that increasing the mass of cold antibody concomitant administered can 

reduce liver and spleen uptake, with the consequent decrease in the dose absorbed by these organs [116]. 

Based on these results, authors concluded that 89Zr-HuMab-5B1 PET/CT imaging demonstrated promising 

results for the detection of tumors expressing the CA 19-9 antigen. However, to evaluate the accuracy of this 

imaging modality, additional studies that correlate the imaging findings with histopathology should be 

performed [115]. 

 

5.13. CAIX targeting  

Carbonic anhydrase IX (CAIX) is a cell surface antigen mainly associated to the hypoxia regulation. CAIX 

showed limited expression in normal tissue, but it is present in 95% of ccRCC (clear cell renal cell 

carcinoma)[178]. 

It has been demonstrated that girentuximab, a chimeric anti-CAIX mAb, can be labeled with 89Zr to assess 

CAIX expression in vivo. Hekman et al. conducted the first clinical study using 89Zr-girentuximab for the 

diagnosis of ccRCC. The authors found that PET imaging was useful to confirm suspected recurrent or 

metastatic ccRCC and to guide clinical decisions in 16 patients with localized disease [119]. They also 

realized that all resected PET-positive primary lesions were effectively ccRCC. Therefore, authors 

concluded that 89Zr-girentuximab is useful to guide clinical decision in ccRCC cases. Additionally, 

Verhoeff, et al. reported that combined 89Zr-girentuximab PET/CT and CT detected more lesions than the 

combined FDG-PET/CT scan, or CT scan alone (91% versus 84% and 56% respectively) [118]. Merkx et al. 

showed with a dosimetric study in 10 patients that it is possible to obtain a good quality PET/CT image for a 

quantitative evaluation of patients with suspected ccRCC by administration of 10 mg (37 Mbq) of 89Zr-

girentuximab, this radiopharmaceutical dose was safe and well-tolerated [117]. 
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5.14. FAP targeting  

Cancer-associated fibroblasts (CAF) are being widely studied as potential therapeutics aimed at inhibiting 

cancer progression and metastasis by reducing immunosuppression and remodeling the tumor 

microenvironment [179]. The subpopulation of particular interest is CAF-S1, the only one that expresses the 

fibroblast activation protein (FAP), which participates in the promotion of tumor invasiveness by 

degradation of the extracellular matrix, among other functions associated with the carcinogenesis. It has 

been reported that the main role of radiotracers directed molecularly at FAP is not to displace metabolic 

molecular imaging (FGD-PET), but to function as a complement for an adequate prognostic evaluation in 

different types of solid tumors [180]. 

The 89Zr-DFO-mAb F19 (anti-FAP) complex has been reported as a potential radiotracer for immunoPET in 

the evaluation of metastatic castration-resistant prostate cancer (mCRPC), where the highest tumor uptake of 
89Zr-DFO-mAb F19 is reached at 3 days post-administration. Based on the reported results, the authors 

propose the combination of anti-FAP immunotherapy along with the application of cytotoxic drug 

conjugates as an alternative for the treatment of mCRPC [181, 182]. 

 

6. Antibody-drug conjugates 

Antibody-drug conjugates (ADCs) use highly specific mAb to selectively deliver potent cytotoxic drugs to 

cancer cells with great effectiveness, therefore, it is one of the fastest growing cancer therapeutic techniques 

in the last decade [183]. However, to guarantee the efficacy of ADCs in targeting solid tumors, it is 

necessary to confirm the antigen expression in the tumor before the treatment [184]. Molecular imaging has 

proven to be a good option to predict ADCs efficacy, however, using this approach is necessary to radiolabel 

the ACD or the corresponding “naked” mAb, demonstrating that the radiolabeled antibody presents a similar 

biodistribution and metabolism than the studied ACDs. Only two 89Zr-labeled agents have been used in the 

clinic to study ADC performance so far. Gebhart et al. used immunoPET imaging with 89Zr-trastuzumab for 

the first time to determine the patient’s eligibility for T-DM1 breast cancer treatment. T-DM1 is a HER2-

targeted ADC in which trastuzumab is used to deliver DM1 (emtansine), a very potent cytotoxin that 

induces the death of proliferating cells by inhibiting polymerization of tubulin [139]. They found that 

pretreatment imaging was useful in improving understanding of tumor heterogeneity, as well as in predicting 

patient response and selecting those who have the greatest potential to benefit from T-DM1 treatment. As 

was mentioned above, Lambert et al. were the first to label the MSLN antibody (MMOT0530A) with 89Zr to 

predict the efficacy of DMOT4039A agent, which contains MMOT0530A bound to the cytotoxic agent 

MMAE [145]. They used the 89Zr-MMOT0530A to study the mesothelin expression in patients with 

pancreatic and ovarian cancers, to determine whether there was any relationship between tumor uptake and 

response to DMOT4039A treatment. 89Zr-MMOT0530A was useful to visualize 17 pancreatic and 20 

ovarian cancer lesions, the results of the patient-based analysis showed that the IHC score correlated with 

the tumor uptake. However, no correlation was found between PET imaging and treatment response after 2 

cycles of DMOT4039A evaluated by CT. 
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7. 89Zr-nanoparticles 

The use of nanoparticles (NPs) in medicine has grown exponentially, due to the development of new 

materials with advantageous properties, such as their large surfaces that can be multi-functionalized by 

reducing the toxicity and increasing the stability and bioavility of some drugs. NPs also offer the opportunity 

of specific drug delivery and selective tissues/organs targeting, taking advantage of the specific localization 

(ligand-mediated) and enhanced permeability and retention (EPR) effect, which allows the passive 

accumulation in solid tumors through fenestrated blood vessels derived from the physio-pathological tumor 

environment. Consequently, different type of NPs has been developed and functionalized to obtain active 

target nanomaterials. Figure 11 shows the simplified scheme of some of the most commonly used structures 

and their applications. 

 

 Figure 11. Simplified scheme of some of the most commonly used nanoparticle, delivery and applications 
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Most of these nanomaterials have been labeled with 89Zr to be used in the field of imaging. Silica cores 

nanomaterials have been labeled primarily using chelator-free strategies, because it has been demonstrated 

that silica NPs can chelate a range of isotopes with good radiolabeling yields and short reaction times [185-

187]. In this connection, Chen et al demonstrated that mesoporous silica nanoparticles (MNS) can be 

directly labeled with 89Zr4+ exploiting the deprotonated silanol groups (-Si-O-) and 89Zr-MNS presented long 

stability in vivo (< 20 days) [188]. Other chelator-free radiolabeling methods such as modification of particle 

surface or binding 89Zr4+ to the coating, physisorption, encapsulation, or radiochemical doping have also 

been successfully used to label NPs [189-191]. However, it was also found that the use of chelating agents 

could increase the labeling yield of nanoconstructs [189, 190]. DFO is the most common chelating agent 

used for the radiolabeling of NPs, although it is not to the most stable (see Table 3). Recently, intrinsically 

radiolabeled NPs (chelator free radiolabeling) have been used to overcome the shortcoming of 89Zr-DFO 

instability this strategy was applied to MNS and manganese oxide NPs. 89Zr-nanoconstructs proved to be 

useful for obtaining images of drug delivery and melanoma localization respectively [188, 213]. 

89Zr-radiolabeled NPs such as ultra-small superparamagnetic iron-oxide nanoparticles (USPION), 

liposomes, high-density lipoproteins and polysaccharides as dextran, chitosan and Poly (lactic-co-glycolic 

acid) (PLGA) have been designed and enabled for macrophage imaging and quantification, as they allow the 

diagnosis of several disorders such as cancer, aortic aneurysm, atherosclerosis, or myocardial infarction 

[192, 199, 207-209, 215]. Macrophage imaging is possible due to 89Zr-NPs being internalized by these cells 

by two main mechanisms, phagocytosis and receptor-mediated micropinocytosis. However, the 

disadvantage of using radiolabeled NPs for this application is the increase in the radiation dose to the bone 

marrow, due to the presence of macrophages in this tissue [215]. 

Nanoparticles can also be functionalized with specific biomolecules to reach a particular receptor on the 

membrane cell or a specific tissue/organ. Several molecules such as folic acid (FA) [185], octreotide [206], 

or RGD (Arg-Gly-Aspartic Acid) [186] have been attached to their surface for tumor targeting (see Table 3). 

In addition, the possibility of orthogonal functionalization of NPs allows the incorporation of two or more 

targeting molecules or drugs which makes possible the preparation of targeted multimodal theranostic 

nanostructures useful for imaging drug delivery. These multifunctional nanoplatforms are a convenient 

option in the treatment of tumor masses with a reduced antigen-protein expression on cancer cells, due to 

their multi-functionalization and high tumor retention (EPR effect) that increase the therapeutic effect 

produced by the traditional single target immunotherapy [216]. Similarly, the possibility of orthogonal 

functionalization of NPs allows the incorporation of fluorescent dyes to prepare multimodal-imaging 

nanoconstructs [208].  

  



 

Table 3. Preclinical studies for 89Zr-radiolabeled nanoparticles.  

Imaging 

modality 
NP type 

Coating or targeting 

molecule 

Radiolabeling (RL) procedure and labeling 

efficiency (LE) 

Size (nm) 

and z 

potential 

() 

Applications and phase Ref. 

PET/CT 

PET/OI 

Liposomes 
89Zr-CLL, 89Zr-SCL 

DiIC@89Zr-SCL 

PEG 

Click labeling (L-DBCO + 89Zr-PEG4-DFO; 

overnight 30 °C); LE 14%. 

Chelator based RL; 1. DFO Surface conjugation; 

2. Zr(Ox)2 PBS, pH 7, 4h 40°C; LE 80% 

106 

108 

Quantitative macrophage imaging. 

Preclinical: xenograft and orthotropic 4T1 breast 

cancer.  

[192] 

PET 

 

Liposomes 
89Zr-DFO,  
89Zr-DFO-PEG1k 
89Zr-DFO-PEG2k 

 

Chelator based RL: 1. DFO surface conjugation; 

2. 89Zr(Ox)2, Na2CO3 (2 M), HEPES (0.5 M, pH 

7.4), pH 7, RT, 1 h. LE > 68%. 

116 

114 

120 

Pharmacokinetics comparison. Preclinical: Her2(+) 

NDL neu deletion transgenic mice. 
[193] 

PET 

Silica (S) NPs 
89Zr-STF-1 to 89Zr-STF-5 

T=TPP; F=FA 

TPP 

FA 

Chelator-free RL: Si-O- groups; 89Zr(Ox)2, 

HEPES (0.1 M, pH 7.5), 37 or 75 °C, 2 h. LE > 

82%.  

100-111 
Tumor targeting.  

Preclinical: CT-26 murine colon carcinoma xenograft. 
[185] 

PET  89Zr-Melanine NPs Melanine 
Chelator-free RL: melanine groups; 89Zr(Ox)2, pH 

5, 37°C, 0.5 h; PD10 purification; LE 98%. 

7 

 60 kDa 

Iron overload therapy. Preclinical: iron overload mice; 

intra venous iv administration. 
[194] 

PET 

Iron Oxide Nanoclusters 
89Zr-IONC@PEI 
89Zr-IONC@PVP 

PEI 

PVP 

Chelator-free RL: Hydrothermal reaction; 
89ZrCl4, Na2CO3 (0.1 M), pH 7, 140 °C, 24 h. LE > 

90%. 

140 

 

Tumor targeting. 

Preclinical: CT-26 tumor bearing mouse, iv 

administration. 

[195] 

PET 

Dendrimers  
89Zr-DFO-DNPS,  
89Zr-DNPS 

PAMAM Dendrimer 

No targeting molecule 

Chelator based RL: 89Zr-DFO-Bz-NCS surface 

conjugation; 37°C, 2 h. 

Chelator-free RL: 89ZrCl4, PBS, 37°C, 2 h. LE 

none 

192.6 

90.3 

Scaffold for drug delivery and imaging. Preclinical: 

CT-26 and MDA-MB-231 human breast 

adenocarcinoma bearing mice; iv administration. 

[196] 

- 
HA NPs 
89Zr@HA 

HA Chelator-free RL: 89Zr sorption on HA, RT 0.5 h. 
Length 100 

Width: 25 

In vitro evaluation as HA NPs as a promising 89Zr 

carrier. Preclinical: no in vivo studies 
[197] 

PET 
Cerium Oxide NPs  

89Zr-CONPs 

DT10-NH2
 ,  

DT10-PEG,  

DT10-SB,  

PAA 

Chelator-free RL: Intrinsic core radiolabeling (co-

precipitation); 89ZrCl4, RT, 24 h. 

60.2 

81.9 

80.5 

80.0 

For further design on NPs. Preclinical: healthy and 

colon tumor bearing C57BL/6 mice; i.v. administration. 
[198] 

PET/CT 
Ab-Gold NPs 

[89Zr]Zr-5B1-AuNP 
5B1 Antibody 

Chelator based RL: 89Zr-DFO-Bz-NCS-Ab 

surface conjugation. LE 30-35% 

34.86 (PDI: 

0.27) 

 21.3 mV 

Pretreatment with clodronate liposomes to deplete 

macrophages; Preclinical: CA19.9(+) BxPC-3 

ortothopic pancreatic tumor bearing mice. 

[199] 

PET 
Chitosan NPs 
89Zr-loaded chitosan NPs 

PTPP Chelator-free RL: 89Zr(Ox)2, RT, 0.75 h. LE<70% 
343 

 46 mV 

Monitoring white blood migration, in vivo 

inflammation, infectious/inflammatory sites. 

Therapeutic strategy. Preclinical: human leukocyte 

cells 

[200, 

201] 

PET/CT 
Lipoplex NPs containing 

DNA 

Gemini 

surfactant/DOPE 

Chelator based RL: 1. DFO surfactant surface 

conjugation; 2. 89Zr(Ox)2, Na2CO3 (2 M), HEPES 

(3 M), pH 7, 37°C, 1 h. LE 95%.  

111–117 nm 

 31-33 mV 

Radiolabeled DNA delivery system. Preclinical: A375 

melanoma xenograph athymic CD-1 mice. 
[202] 
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Imaging 

modality 
NP type 

Coating or targeting 

molecule 

Radiolabeling (RL) procedure and labeling 

efficiency (LE) 

Size (nm) 

and z 

potential 

() 

Applications and phase Ref. 

PET/MRI 

Superparamagnetic iron 

oxide NPs 
89Zr-DFO-Bz-NCS-

Fe3O4@TiO2 

----- 
Chelator based RL: 1. DFO surface conjugation; 

2. 89Zr(Ox)2, pH 7, RT, 1 h. LE 95%.  
50-89 

Potential for photodynamic therapy and hyperthermia. 

Preclinical: no in vivo studies.  
[203] 

PET/MRI 

USPIONs 

89Zr-DFO-Ferumoxytol 
89Zr-Ferumoxytol 

Polyglucose sorbitol 

carboxymethylether 

Chelator based RL: 1. DFO surface conjugation; 

2.89Zr(Ox)2, pH 7, 37°C, 1 h. LE 95%.  

Chelate free RL: Heat-induced radiolabeling; 
89Zr(Ox)2/

89ZrCl4 120 °C 1h. LE 82-96% 

17-31 

Lymph node imaging. Preclinical: female healthy 

C57BL/6 and transgenic Hi-Myc mice with invasive 

prostate adenocarcinoma mouse colon cancer. 

[204, 

205] 

PET/MRI 

Gadolinium paramagnetic 

NPs 
89Zr-Gd-Pegylated 

liposome 

PEG 

Octreotide 

Chelate free RL: Heat-induced radiolabeling; 
89ZrCl4, 45 °C, 2h. LE none. 

_ 
Tumor targeting. Preclinical model: C6 glioma bearing 

Nu/Nu mice  
[206] 

PET/MRI 
89Zr labeled dextran or 

hyaluronan NPs 
Dextran 

Chelator based RL: 1. DFO surface conjugation; 

2. 89Zr(Ox)2, Na2CO3 (2 M), pH 7, RT, 2 h. LE 

95%. 

13 

Inflammation, macrophage detection in atherosclerotic 

plaques. Preclinical CT-26 colon xenograph mouse 

model 

[207] 

[208] 

PET 
89Zr-DFO-apoA-I@rHDL 
89Zr-DSPE-DFO@rHDL 

Apo A-I 

Chelator based RL: 1. DFO surface conjugation; 

2. 89Zr(Ox)2, Na2CO3 (1 M), pH 7, 37 °C, 2 h. LE 

94% and 74% 

8.9 

8.6 

MW150 

kDa 

Quantitative tumor-associated macrophages. 

Preclinical mice bearing orthotropic 4T1 breast cancer. 
[209] 

PET 
89Zr-WS2/WOx (0.4) PEG 

nanodot 
PEG 

Chelator Free RL: Heat-induced radiolabeling, 
89Zr(Ox)2, HEPES (0.5 mM), pH 7, 75 °C 2h. LE 

98% 

15 

Tumor imaging in vivo mapping of draining lymph 

nodes. Preclinical: 4T1 breast cancer bearing mice (iv 

and regional administration). 

[210] 

PET 

AuNP-PPAA-Cetuximab-
89Zr 
89Zr-DFO-Bz-NCS-

cetuximab 

PPAA Cetuximab 
Chelator based RL: 89Zr-DFO-Bz-NCS-

cetuximab surface conjugation. 
31 

EGFR targeting Potential theranostic purposes. 

Preclinical: A431epithelial carcinoma bearing mice. 
[211] 

PET 
89Zr-anti-CD105-AuNPs-

PPAA 

Anti-CD105 Ab 

PPAA 

Chelator based RL: 89Zr-DFO-Bz-NCS-

antiCD105 Ab surface conjugation. LE 75%. 
102 

Antiangiogenic therapy Preclinical: B16F10-luc 

melanoma xerograph C57BL/6J mice. 
[212] 

PET 
Mesosporus silica (MS) 

NPs  
_ 

Chelator Free RL: Si-O- groups; 89Zr(Ox)2, 

HEPES , pH 7-8, 37 °C 2 h. LE 82% 

150 

 48.4 mV 

Imaging, red blood cell trafficking, drug delivery. 

Preclinical CT-26 xerograph Balb/c mice, i.v. 

administration. 

[188] 

PET/MRI 
Manganese Oxide NPs 

[89Zr]Mn3O4@PEG 
PEG 

Chelator Free RL: Heat-induced radiolabeling; 
89Zr(Ox)2, HEPES (0.5 mM), pH 7-8, 75 °C 0.5 h. 

LE 78%. 

10 

 3.7 mV 

Lymph Node Mapping Preclinical: healthy Balb/c 

mice, i.v. and regional administration. 
[213] 
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Imaging 

modality 
NP type 

Coating or targeting 

molecule 

Radiolabeling (RL) procedure and labeling 

efficiency (LE) 

Size (nm) 

and z 

potential 

() 

Applications and phase Ref. 

PET/CT 

MRI 

89Zr-ferucarbotran 
89Zr-perimag-COOH 

Dextran 
Chelator Free RL: Heat-induced radiolabeling; 
89Zr(Ox)2, Na2CO3 (1 M), 100 °C, 1 h. LE none 

127 

Prolonged SPION half-life circulation time by means 

fucoidan. Preclinical: GL261 glioma bearing C57BL/6 

mice, i.v. administration. 

[214] 

PET 
Hollow Mesoporous silica 

Rm-89Zr-HMSNs 

CD47 of red blood cell 

membrane 

Chelator Free RL: Si-O- groups; 89Zr(Ox)2/
89ZrCl4 

HEPES pH 7.5, RT 24h. LE 96% 

150 

−18.6 mV 

Tumor imaging by avoiding phagocytosis; Preclinical: 

CT-26 tumor xenograph mice, i.v. administration. 
[187] 

PET/OI 

89Zr-cRGDY-PEG-C′dot 
89Zr-DFO-cRGDY-PEG-

C′dot 

PEG 

cRGDY 

Chelator Free RL: Si-O- groups; 89Zr(Ox)2, 

HEPES, pH 8, 75 °C, 1 h. LE 50% 

Chelator based RL: 1. DFO surface conjugation; 

2. 89Zr(Ox)2, HEPES, pH 8, 37 °C, 1 h. LE 98%. 

 
Melanoma Imaging. Preclinical: M21 M21L melanoma 

xerograph mice, i.v. administration. 
[186] 

CLL (click-labeled liposomes); SCL (surface chelation liposomes); DiIC (1,1-diododedyl-3,3,3,3-tetramethyl-indodicarbocyanine-5,5-disulfonic acid, Dye Cy-5); DBCO 

(dibenzoazacyclooctyne); p-NCS-Bz-DFO (p-isothiocyanatobencyl-desferrioxamine B); dye DiIC12(5)-DS (1,1-diododecyl-3,3,3,3-tetramethyl-indodicarbocyanine-5,5-

disulfonic acid); PEG (polyethylenglycol); PTPP (pentasodium tripolyphosphate); TPP (triphenylphosphonium);FA (folic acid); PEI (polyethyleneimine); PVP 

(polyvinilpirrolydone), D-DNPS (p-NCS-Bz-DFO-PAMAM Dendrimer); PAMAM (polyamidoamine); DNPS (PAMAM Dendrimer), HA, (hydroxyapatite, Ca10(PO4)6(OH)2); 

DT10-NH2 (dextran T10 amine); DT10-PEG (dextran T10 polyethylene glycol); DT10-SB (dextran T10 sulfobetaine); rHDL (reconstituited high-density lipoprotein); PAA 

(polyacrilic acid); DOPE (1,2-dioleoyl-sn-glycerolo-3-phpsphoethanolamine); apoA-I (apolipoprotein A-I); PL (phospholipid); DSPE (1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N–[carboxylic acid (polyethyleneglycol)-2000]); PPAA (plasma polymerized allylamine); cRGDY (cyclo(Arg-Gly-Asp-Dtyr-CyS) peptide. 

 



 

Table 3 summarized the chemical-physical properties and the proposed applications of 89Zr-tagged 

nanoparticles under preclinical evaluation. The clinical translation of zirconium radiolabeled NPs has just 

started as demonstrated by the first human imaging of high-density lipoprotein (HDL) labeled with 89Zr to 

target SB-R1 (scavenger receptor B1) in esophageal cancer patients. The 89Zr-HDL administration was safe 

and the tumor uptake was higher at 72 h [217].  

However, it is important to note that despite the rapid advances in preclinical research in this field in recent 

years, due to the numerous functionalization possibilities of nanoconstructs labeled with 89Zr, the clinical 

data reported are minimal because it is necessary to improve the reproducibility of the functionalization and 

labeling techniques used before they can be transferred to clinical research. 

 

8. Cell tracking with 89Zr  

Over the last few years, cell-based immunotherapy has shown great potential for treating several diseases, 

such as diabetes and cancer. Despite their promising results, very few cellular products have been translated 

into clinical practice so far, because to obtain a successful cell therapy, it is necessary to better understand 

the precise dosage, time, and spatial distribution. Non-invasive imaging, such as nuclear imaging can help to 

achieve this goal, by real-time tracking in vivo the cells, to predict, monitor and evaluate the treatment [218, 

219]. 

Cell-based immunotherapy approaches can be classified into two main groups, the first group does not need 

genetic engineering for its effectiveness such as the adoptive cell therapies using natural killer (NK) or T 

cells, stem cell therapies and tumor infiltrating lymphocytes. The second group fundamentally requires 

genetic engineering to be efficient such as the chimeric antigen receptor T (CAR T) cells and tumor-antigen-

specific T cell receptors (TCR) [220]. 

 

8.1. Labeling of non-genetic engineering cells 

Initially, only nongenetic engineering cells were radiolabeled with 89Zr using 89Zr(oxinate)4, also called 89Zr-

oxine (Figure 12). This is a neutral and lipophilic compound formed by an eight-coordinated metal center in 

a distorted dodecahedral geometry [221]. Due to its high lipophilic character, Zr-oxine is capable of 

spreading freely through the cell membrane allowing a rapid cell accumulation (Figure 13) [222, 223]. 

Charoenphun et al. used for the first time 89Zr-oxine to direct label human leukocytes and three cell lines 

(murine myeloma cells (eGFP-5 T33), breast cancer cells (MDA-MB-231), and murine macrophages 

(J774)). The labeling efficiency obtained ranged from 40 % to 61%, cell retention of 89Zr was from 91% at 

24 h and cell viability was higher than 90% [222]. 
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Figure 12. Crystal structure of Zr-oxine 

Sato et al. labeled activated cytotoxic T lymphocytes and dendritic cells by incubation with 89Zr-oxine 

[224]. Authors found lower labeling efficiency than Charoenphun et al. (from 13% to 44%), but similar high 

stability with 83% of 89Zr retention in the cells after 5 days. In this study, it was also demonstrated that 

radioactivity concentration up to 555 kBq/5x106 cells enabled extended cell tracking for 7 days in mice 

using a MicroPET/CT scanner, without affecting their viability or functionality. Man et al. used also 89Zr-

oxine to label and track in vivo Gammadelta-T (-T) cells, one of the best options in oncology for adoptive 

immunotherapy due to their tumor infiltration abilities, cytotoxicity, and antigen presenting properties [225]. 

In vitro studies demonstrated that 89Zr-labeled -T cells, with a radioactivity concentration up to 20 

mBq/cell, retained their proliferative capacity, viability, as well as anti-cancer cytotoxicity and showed 

minimal DNA damage. Preclinical in vivo studies in breast cancer demonstrated that 89Zr--T cells were 

able to target the tumors, moreover when tumor antigen expression was increased also the 89Zr signal in the 

tumors significantly improved. The authors proved that it was possible to track 89Zr-tagged cells over a week 

by PET imaging [225]. Sato et al. also used 89Zr-oxine to label the adoptive NK cells to track their 

biodistribution in rhesus macaques by PET imaging [226]. The authors did not report the labeling efficiency 

or cell radioactivity concentrations but showed that 89Zr-labeled NK cells retained enough radioactivity to be 

tracked and quantified in vivo for 7 days. They confirmed that the labeling procedure did not alter cellular 

phenotype, viability, or function. Additionally, authors reported low organ radio-exposures and no clinical 

side effects observed in treated animals. Consequently, they concluded that this tagging method could be 

used to develop new techniques to improve the location of immune cells in tumor microenvironments, which 

could be easily translated to humans [226]. 

Bansal et al. used for the first time 89Zr-deferoxamine-NCS (89Zr-DFO-NCS) to label directly 3 different 

kinds of cells (mouse-derived melanoma, dendritic cells and human mesenchymal stem cells) and 

demonstrated that radioactivity concentrations up to 0.5 MBq/106 cells do not affect the cellular viability or 

proliferation. Label cells showed high stability in vitro and in vivo, no efflux was observed for over 7 days 

post labeling, however, the cell labeling efficiency obtained was low to moderate (from 30% to 50%) 

depending on cell type [218].  

Very recently, Friberger et al. optimized the synthesis of both 89Zr-DFO-NCS and 89Zr-oxine radiotracers 

and performed a direct comparison of the cell labeling efficiency, although the two complexes present 

different cell tagging mechanisms (Figure 13) [227]. 89Zr-DFO-NCS binds to the protein lysine on the cell 

membrane surface and was not internalized by the cells in contrast, 89Zr-oxine complex forms a hydrophobic 

sphere that can passively diffuse across the cell membrane, where the oxine molecules liberate 89Zr, which 

Zr
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unspecific binding to the cytoplasmic components. The authors found that optimization of radiotracer 

syntheses resulted in an increase cell labeling efficiency of 89Zr-DFO-NCS and 89Zr-oxine to 70% and 64% 

respectively, which confirmed that 89Zr-labeling in both cases not significantly affected the cell viability or 

proliferation rate. They concluded that 89Zr-oxine was a better agent for cell labeling due to its higher 

stability, greater cellular retention, and minimal variation between cell types [227]. Lechermann et al. 

labeled T cells by incubation with different concentrations of 89Zr-oxine to estimate the limit for PET 

imaging detection [228]. They seeded labeled cell suspensions into 6-well plates and scanned them (PET/CT 

and PET/MRI), using a specific activity of 27.8 kBq/106 cells. Results using this in vitro model showed that 

6.8×104 was the minimal number of labeled cells needed to obtain PET imaging. 

 

  

Figure 13. Cell labeling mechanisms. A) labeling with 89Zr-oxine, which passively diffuse across the cell membrane and B) 

shows the schematic representation of extracellular labeling with 89Zr-deferoxamine-NCS that binds to protein lysine on the cell 

membrane. 

The technique of specific labeling with antibodies has also been used to obtain labeled cells. Nobashi et al. 

used as a target the costimulatory molecule OX40, which participates in eliminating cancer cells and is 

mainly expressed in activated effector T cells [229]. A mAb against OX40 was labeled by incubation with 
89Zr-DFO for 60 min at 37 °C, afterward the product was purified. Then 89Zr-DFO-OX40 was injected into 

mice bearing glioma with activated T cells to quantify and track the response to immunotherapy by PET 

imaging. These results demonstrated that immunoPET imaging of 89Zr-labeled OX40 was useful to monitor 

T-cell activation with high specificity [229]. CD8-positive T cells, which are important for initiating and 

mediating a response to checkpoint inhibitors such as anti-PD-1/PD-L1, were also site-specifically-labeled 
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with antibodies. Pandit-Taskar et al. used the IAB22M2C minibody with high affinity for human CD8, to 

label in vivo CD8-positive T cells [129]. In this first-in-humans prospective study, six cancer patients 

received 111 MBq of 89Zr-IAB22M2C with different minibody mass doses (range from 0.2 to 10 mg). 

Results proved that the radiolabeled antibody was well tolerated, and no side effects were observed. The 

PET images of the patients showed that the spleen had always the highest radioactive uptake, however, the 

biodistribution in other organs changed depending on the mass of the administered minibody. The uptake in 

tumor lesions was observed in images from 2 h after administration, attesting that 89Zr-IAB22M2C has a 

favorable kinetics for early imaging of CD8-positive T cell–rich tissues. However, authors state that it was 

impossible to establish the differences in lesion uptake among minibody mass doses due to the small number 

of patients and the variability in tumor types [129]. 

 

8.2. Labeling of genetic engineering cells 

Immune cells obtained from genetic engineering, such as CAR T and TCR, have also been radiolabeled to 

be tracked. CAR T cell therapy is a promising clinical approach that combines the intracellular signaling 

components of the T cell receptor with the target specificity of antibodies [230]. Thanks to their successful 

results reducing tumor progression, CAR T were the first commercially approved engineered cellular 

products for the hematologic malignancies treatment [231]. However, the safety of this cell therapy has 

always been a concern due to its severe adverse effects as it requires a dynamic quantitative tracking to 

improve the understanding of cellular behavior after adoptive transfer, as well as the optimization of 

infusion time and dose to avoid potential lethal systemic toxicity [219]. Weist et al. were the first to assess 

radioactivity retention, viability, and functionality of human-derivate CAR T cells labeled with 89Zr-oxine 

[230]. In vitro studies demonstrated a high labeling efficiency (75%) with more than 60% of 89Zr retained in 

the cell after 6 d. In vivo tracking of two CAR T cell lines (interleukin-13 receptor α2-targeted and PSCA-

targeted) labeled with 89Zr (specific activity of 70 kBq/106 cells), in tumor mouse models, demonstrated that 

cells maintained their cytokine production, migration, and tumor cytotoxicity. Based on these results, the 

authors concluded that 89Zr-oxine was a clinically translatable platform for the assessment of cell therapies 

[230]. Maria et al. labeled huLym-1-A-BB3z-CAR T cells to be used in Raji lymphoma [232] using the 

method reported by Weist et al. [230] obtaining a high labeling efficiency but lower 89Zr cell retention 

(33.5%). To explain this result, authors suggested that different CAR constructs could produce differences in 

label retention [232]. Intravenous administration of escalating doses of CAR T cells results in a dose 

dependent. Simultaneous PET/MRI imaging at different time points after administration of labeled CAR T-

cells in tumor bearing mice showed that CAR T cells are confined in the lung (3–5 h) and after cells move to 

the liver and spleen (2-3 d). These data could be the cause of cell inactivation before targeting tumors, a low 

tumor accumulation of CAR T cells, and no tumor regression [232]. Wu et al. labeled CD19 CAR T with 
89Zr-oxine to study the pharmacokinetic and pharmacodynamic in human leukemic xenograft mouse models 

[233]. Their results were quite like those previously reported, CAR T cells were successfully labeled without 

affecting their viability and proliferation and showed high 89Zr retention (>80%). No visual differences were 

found between radiolabeled CAR T cell uptake in CD19 positive and negative tumors, although Patlak’s 

modelling analysis revealed higher specific uptake in CD19-positive cells that result in tumor suppression 
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after CD19 CAR T treatment. Authors report that this cell tracking method has the limit that it can only 

reveal the migration, distribution, and homing of parental cells in vivo, and cannot be used to see cell 

activation, proliferation, or death [233]. To facilitate the translation of PET images for cell tracking in 

clinical diagnosis and cell-based therapy, Man et al. [234] developed the first single-step kit formulation for 

a rapid, stable, high-performance cell labeling using 89Zr-oxine and Massicano et al. [235] described a 

detailed production of 89Zr-oxine to label cells under US Pharmacopeia standard. 

Lee et al. labeled Jurkat/CAR and human peripheral blood mononuclear CAR T-cells using 89Zr-

desferrioxamine-NCS with a specific activity of 103.6 kBq/106 cells, reaching a labeling efficiency of up to 

79% [236]. The in vitro test demonstrated cell viability higher than 95% and no significant decrease in cell 

proliferation after labeling. However, PET imaging and ex-vivo studies did not show a significant 

accumulation of radioactivity in tumors, labeled cells were first confined in the lung and progressively cells 

moved to the spleen-liver, very similar results to those previously reported by Maria et al. [232]. 

Simonetta et al. selected a costimulatory molecule up-regulated during T-cell activation (ICOS) as the target 

to label CD19 CAR T cells with an antibody-based method [233]. Anti-ICOS mAb labeled with 89Zr-DFO 

was intravenously injected 5 days after T-cell administration in lymphoma tumor-bearing mice, to track 

CAR T-cell in vivo. The authors found that at tracer doses, ICOS-targeting antibody did not interfere with 

CAR T-cell function. However, the high uptake of 89Zr-DFO-Anti-ICOS in vascularized organs as the heart, 

liver, and spleen, limited the sensitivity of this method to detect tumor sites, so it was not possible to 

differentiate between mice treated with CAR T cells and mice not treated by PET/CT images. The authors 

state that this limitation could be solved using smaller vectors such as antibody fragments, minidodies, or 

nanobodies; consequently, they concluded that this molecular imaging approach could easily be applicable 

to the clinical setting because it does not require the ex vivo labeling [237]. 

The use of CAR T cell therapy for solid tumors is more difficult because detect only surface tumor-

associated antigens [220]. Additionally, the high variability in density and antigen presentation, as well as 

the difficulty for cells to migrate inside the tumors, help to evade CAR T cells. To expand the number of 

potential tumor-specific antigens, constructs encoding a TCR that recognizes the major histocompatibility 

antigen (MHC–antigen) complexes have been developed and introduced into T cells [231]. These TCR T 

cells also present the advantage of producing lower maximum cytokine levels with high antigen density, 

compared with some CAR T cells that produce high cytokine levels that may even be life-threatening. 

Mall et al. developed the 89Zr-aTCRmu-F(ab')2 radiotracer with high stability and immunoreactivity. 89Zr-

aTCRmu-F(ab')2 targets a murine sequence introduced in the human TCR (TCRmu) [238, 239]. It was 

demonstrated that the radiolabeled antibody could directly target TCR without any effect on the 

functionality of transgenic T cells. PET-imaging in a human myeloid sarcoma model revealed high 

sensitivity within the tumor [238]. 

 

9. Perspectives and conclusions 
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Tumors are pathological structures constituted of cancer cells and the tumor microenvironment. The latter 

includes cells communicated through dynamic networks regulated by acellular factors, such as inflammatory 

enzymes, cytokines, chemokines, growth factors, and extracellular matrix components. The vital role of cells 

and proteins associated with the tumor stroma and cancer cells is receiving extensive attention in the field of 

cancer biology. Thus, current anticancer therapies are focused on inhibiting cancer progression, metastasis, 

and therapeutic resistance by reducing immunosuppression and remodeling the tumor microenvironment. In 

particular, the immunotherapeutic pathway has been used with distinct agents, such as 

radioimmunoconjugates, oncolytic viruses, vaccines, and nanoparticles. In this context, 89Zr has 

demonstrated, for most immunotherapeutic modalities, its usefulness to form stable 89Zr-immune-complexes 

able to detect, in time and space, changes in the phenotype of different cancer entities. Such changes are 

essential for defining patients' treatment based on the expression or suppression of proteins involved in the 

disease. Therefore, the future of 89Zr-immune-complexes, particularly those based on Zr-DFO analogs, holds 

promise for PET imaging of a broad class of immunotherapeutics directed against specific and dynamic 

molecular targets. For example, fibroblasts associated with colon, ovarian, breast, pancreatic, and lung 

cancer express the programmed death ligand (PD-L1), which bind to the receptor PD-1 expressed by T cells 

to inhibit their activity and reduce antitumor immunity. On the other hand, cancer-associated fibroblasts 

(FAP+) are a significant source of CXCL12 secretion, which induces immunosuppression. Therefore, the 

administration of an inhibitor of CXCR4 (a CXCL12 receptor) could improve the accumulation of T cells 

and act synergistically with anti-FAP and anti-PD-L1 immunotherapies to slow down the progression of 

cancer, where 89Zr-DFO-anti-FAP and 89Zr-DFO-anti-PD-L1 immunoPET could follow-up the molecular 

processes associated with the prognosis, treatment definition, and response to the combined therapy. 

In the paper, we have hoped to provide a detailed overview on the recent achievements in 89Zr-based PET 

imaging field, with studies ranging from radionuclide production to basic metal coordination chemistry, 

from ongoing clinical trials to new application trends. However, despite the many successes, much work has 

to be done and emphasis should be placed on three main points. The synthesis and evaluation of novel 

chelators that allow a fast coordination kinetics, under mild reaction condition suitable to label biomolecules 

with high thermodynamic/kinetic stability, in order to minimize the in vivo release of the 89Zr4+ and its bone 

accumulation. In fact, although a number of acyclic and cyclic BFCA have been recently investigated, DFO 

still remains the most used chelator for 89Zr-based PET imaging. It is currently utilized to tag different 

vectors with 89Zr including protein derivatives, nanoconstructs, and live cells. The development of mild and 

site-specific strategies for the bioconjugation of BFCA to targeting vector. In this connection, the utilization 

of enzymatic methods is promising. The extension of 89Zr-PET imaging from antibodies to other targeting 

vectors with suitable pharmacokinetics (e.g. NPs and live cells) to involve new application in medical areas. 
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