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Abstract

 SEQ CHAPTER \h \r 1A method has been developed to rapidly assess the long-lived contaminants in 89Zr labeled monoclonal antibodies using high-resolution gamma spectroscopy. 89Zr decays by electron capture with a half-life of 78.41 hours, which makes it well suited for Positron Emitted Tomography (PET) studies with monoclonal antibodies (mAb).  As compared to other PET imaging ligands, monoclonal antibodies exhibit slow kinetics in vivo, and require an isotope with a slightly longer half-life than other common PET isotopes (e.g., 18F T1/2 109.8m, 68Ga T1/2 67.7 m)  to allow the mAbs to accumulate in the tissues of interest before imaging.

89Zr is most often produced by proton irradiation of solid target of 89Y in a medical cyclotron. The list of possible contaminating isotopes drawn from the literature and measurements of produced product include: 88Y, 88Zr, 89mZr, 65Zn, 48V, 56Co, 156Tb, & 175Hf. The 89mZr (T1/2 4.161 m), is normally allowed to decay away prior to the retrieval of the target.  The 89Zr activity is determined at the End of Synthesis (EOS) using a medical dose calibrator, and the activity at expiration is done by calculation. The possible contaminants are measured by high-resolution gamma spectroscopy after the 89Zr product has decayed for several half-lives and are reported as contaminant activity per GBq 89Zr at EOS, and at expiration.  The total contaminant load must not exceed 0.5% of the 89Zr activity (99.5% pure) at EOS and at expiration under US Pharmacopeial (USP) requirements.
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Introduction

Imaging of large biomolecules such as monoclonal antibodies (mAb) is an important tool for drug development, optimization of drug design, and the assessment of patients that may benefit from the drug treatment [1]. Called Immuno-PET [12], it is a combination of monoclonal antibodies and PET/CT imaging. It is an attractive tool for tumor imaging as it combines the high specificity of mAbs with the sensitivity and resolution of PET/CT imaging. Currently, the FDA has approved more than 100 mAbs for therapeutic use, with dozens more in clinical trials [1,2]. To be effective, the antigen that the mAb is designed to target must be expressed in the tumor, and the drug is required to reach and bind to the target. The quality of this process can be quantified by Immuno-PET which important as a prelude to therapy with one of the approved mAbs. This can confirm the tumor targeting and help quantify the mAb accumulation in the tumor. Immuno-PET is also important in drug development as it can also help select, characterize, and optimize new mAbs being considered for therapy applications. 89Zr is an attractive isotope for imaging this process. 89Zr is a positron emitter with a half-life of 78.4 hours that decays to stable 88Y. The short positron range (Ravg 1.23 mm), provides high spatial resolution and image quality for 89Zr PET imaging compounds [3]. Several stable conjugates of Zr-89 with a variety of mAbs have been demonstrated [7-9]. The imaging compounds offer the potential for quantification of the uptake of mAbs in the tumors of interest, and may prove to be a predictor of patient outcomes [5, 6]. In addition, the longer half-life of 89Zr is well suited to the imaging of many large biomolecules which require long circulation times in order to reach optimum target concentrations. The traditional PET imaging isotopes (e.g., 18F (t1/2 = 110 min), 68Ga (t1/2 = 67.7 min) have half-lives such that they decay away before most labeled mAbs can concentrate in the lesions of interest [3,4]. 
Another isotope with a longer half-life, 124I (t1/2 = 4.18 days) has been considered, but has poorer resolution due to a higher positron energy (Eβ+avg = 819 KeV vs. Eβ+avg = 396 KeV for 89Zr ).[10, 11]  In addition, 89Zr internalizes after binding to the surface of cells resulting in a much higher tumor uptake than with 124I labeled monoclonal antibodies [3]. 124I also has a larger panel of contaminants commonly generated in production runs.
Production
89Zr is most often produced in a medical cyclotron via the 89Y(p,n)89Zr reaction on a solid coin target of Y at natural abundance. A beam energy of 13-16 MeV is used and is frequently minimized with aluminum degraders to suppress the production of long-lived contaminants 88Zr and 88Y [12]. The threshold for the production of 88Y via the 89Y(p,pn)88Y reaction is 13.3 MeV.  The production of both 88Zr and 88Y is minimized at 12.8 MeV due to the small cross sections and the threshold energy[13]. The ability to control the incident beam energy is a major determinant in the production of the long-lived contaminants, along with impurities in the target materials. After irradiation, it is common to allow the target to sit in the vault for several hours to allow the short-lived contaminants, particularly 88mZr to decay away.  The target is then released into a shielded pig and transported to a hot cell where it is dissolved and chelated to the mAb of interest [15).
89Zr can also be produced  using the 89Y(d,2n)89Zr with 16 MeV deuterons focused on the 89Y coin target.  This production method has been demonstrated [12], but has difficulty producing the total activity needed for routine imaging applications.  All 89Zr labeled mAbs reported in this work were produced by the 89Y(p,n)89Zr reaction.
The purpose of this work is to develop a method to rapidly quantify the concentration of the long-lived contaminants in a 89Zr labeled mAb, both at the end-of-synthesis (EOS), and at expiration.
Experimental

A panel of possible contamination isotopes was derived from a review of the literature and from careful analysis of gamma spectra taken with a high-purity germanium detector (HPGe, Ortec, Oak Ridge, TN) from several production runs of 89Zr mAb compounds [2‑8].  The contaminants are due to impurities in the starting materials (89Y), and a sub‑ideal selection of beam energy. The full list of common contaminants is shown in Table 1 below.  
Table 1. List of common contaminants in 89Zr labeled monoclonal antibodies.

	Isotope
	Half-Life

	88Y
	106.65 d

	88Zr
	83.4 d

	89mZr
	4.16 m

	65Zn
	244.1 d

	48V
	15.97 d

	56Co
	77.23 d

	156Tb
	5.35 d

	175Hf
	70.0 d


In addition to these isotopes, 52Mn, 54Mn, 67Ga, 96Tc can also be produced, but are normally removed in the hydroxamate resin column in the hot cell[13].  These additional isotopes will commonly appear in the waste and the first solution after dissolution of the target. If these types of samples are to be analyzed, these isotopes should be added to the library provided to the gamma spectroscopy software.
The United States Pharmacopeia (USP) Limit
The USP limit for the total load of long-lived contaminants in PET radiopharmaceuticals is 0.5%, or 99.5% pure [18, 19].  This limit is applied at the End-of-Synthesis for most PET imaging agents.  However, since the imaging isotope (89Zr) has a half-life that is shorter than the majority of the possible contaminants, the concentration of the long-lived contaminants increases through the life of the drug until the time of expiry, which is determined by the compounding radiopharmacy. Consequently, it is common to provide the contaminant load at EOS and at expiry.

Method
At the End-of-Synthesis, an aliquot of the 89Zr labeled drug is measured in the facility medical dose calibrator and is set aside and allowed to decay for several half-lives. Following the decay period, the sample is counted on the HPGe system with GammaVision (Ortec) software which has been provided with the library of isotopes shown in Table 1 above. The gamma spectrometer had been previously calibrated with a NIST-traceable multiline standard in the same geometry used for these tests (planchet), and daily Quality Control tests of the spectrometer were performed prior to the start of sample analysis. The printout of the GammaVision sample analysis must be carefully reviewed and used to generate a table of the contaminant load in Bq of each identified contaminant per MBq of the imaging compound, and the total contaminant load at EOS.  The process is repeated for the expiration date and time of the drug.  Care must be taken in the review of the GammaVision printout, and any unidentified peaks must be resolved as they could represent a new contaminant due to a trace impurity in the target material. Similarly, the spectra of the contaminating isotopes can be quite complex, and the software can make incorrect associations of peaks with contaminating isotopes when they have similar lines (e.g., 511 keV). These erroneous associations must be identified and eliminated from the final report.
The method will not pick up short-lived contaminants that decay away prior to counting. Since the 89mZr (t1/2 = 4.16 min) is allowed to decay away prior to retrieval of the target  from the vault, this is not expected to be a limitation.
Validation
The analysis of the gamma spectra for these tests can be complex due to the large number of gamma lines in the recorded spectra.  The method was validated by analyzing the collected spectra from several production runs using both GammaVision and VRF [20].    GammaVision and most other spectral analysis engines use a peak search algorithm to identify the gamma lines, and then associate these lines with those found in the provided library of isotopes. VRF, by contrast, uses a Levenberg-Marquardt iterative fit of the spectrum to identify the isotopes and their activities. This approach requires multiple iterations to analyze a spectrum and requires that all lines be identified to deliver a low chi-squared goodness of fit, and structureless residuals [21]. See Figure 1 below.  This approach also allows stacked and overlapped peaks to be resolved, which is important in some samples with a heavy contaminant load, and in the analysis of waste samples.
Figure 1. Typical HPGe 89Zr contaminant spectrum as analyzed by VRF. Note the structureless residuals shown in the top.
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The results of this intercomparison are shown in Table 2 below.
Table 2.  Results of the intercomparison of the analysis of 89Zr contaminant spectra by two different analysis systems (Bq contaminant/GBq 89Zr) at EOS.

	
	
	88Y
	88Zr
	56Co
	175Hf

	GammaVision
	
	2470 ± 16
	5280 ± 20
	49.6 ± 5.5
	563 ± 10

	VRF
	
	2339 ± 9.6
	5235 ± 11
	29.9 ± 1.3
	580 ± 3.9

	GV/VRF
	
	1.06
	1.01
	1.66
	0.97


Results as shown in Table 2, indicate that all observed activities were withing three standard deviations except for 56Co. 56Co has 72 photons and a high probability of true coincidence summing when the source is near the crystal (e.g., planchet geometry).  GammaVision and VRF have different algorithms for correcting for coincidence effects and, in this case, the GammaVision algorithm was overly aggressive and produced the observed difference.  There was no evidence of summing effects in this spectrum due to the low 56Co activities observed. When the coincidence summing correction was removed from Gammavision, all results were within three standard deviations.
Of some interest in Figure 1 is the origin of the strong peak of 89mY at 909.15 keV that appears close and at slightly higher energy to the peak of 88Y at 898.42 keV.  89mY has a half-life of only 15.7 seconds, so in most references, the 909.15 keV line is associated with the decay of 89Zr, the main product of the cyclotron run. The other lines that result from the decay of 89Zr are either K‑ and L-shell x‑rays of less than 16.8 keV (and therefore were not observed in an HPGe spectrum taken with a P-type crystal) or they are very weak gammas at 1620.8 keV, 1657.3 keV, and 1713.0 keV, neither of which have a decay probability greater than 0.0074 (and therefore were also not observed in the HPGe spectrum). The 909.15 keV line of 89Zr is not however, used in the calculation of the contaminant load for the monoclonal antibody labeled compound. The uncertainty associated with an estimate of the 89Zr activity at EOS based on the tiny residual activity after more than eight half-lives of decay, is more than 24% for this spectrum, which makes it unusable. Instead, the initial 89Zr activity of the sample is determined using the medical dose calibrator at the production site.  Medical dose calibrators typically have an uncertainty of 5%, or less for MBq levels of activity.
Also of interest in Figure 1 is a peak of 175Hf at 343.4 keV. Because hafnium is chemically similar to zirconium, hafnium is a common impurity in zirconium alloys [23]. Thus, with the use of commercial-grade zirconium, 175Hf can be produced directly by energetic protons from an accelerator beam on 176Hf, which has a natural abundance of 0.0526, by the 176Hf(p,pn) reaction.  175Hf can also be produced by neutron absorption of the minor natural isotope of hafnium, 174Hf, which has a natural abundance of 0.0016. In addition,, 175Hf is typically produced by proton bombardment of lutetium in the reaction 175Lu(p,n)175Hf  [24]. Finally, 175Hf can also be produced as a decay product by electron capture of 175Ta, which has a half-life of only 10.5 hours, and so there is no clear path how 175Hf may have been produced by this third method for the spectrum in this study.

Homeland Security Detectors
Large-area plastic scintillator detectors have been deployed at ports-of-entry and other locations around the country to detect the illicit movement of radioactive materials.  The detectors are extraordinarily sensitive, but have no specificity. Patients that have undergone imaging with 89Zr labeled mAbs will alarm these systems for several weeks after the scanning is complete, even with contaminant loads that are well below the USP limit [22]. It is important that these patients be provided with a card stating that they have been imaged to avoid troublesome delays and interrogation should they trip one of these monitors.
Conclusion

A method has been developed to identify and quantify long-lived contaminants in 89Zr labeled monocolonal antibodies. The method has sufficient sensitivity to measure contaminant loads at EOS and at expiry for the specific drug synthesized. The method further details the specific contaminants in a drug and their concentrations.  Since minimization of the long-lived contaminants is a goal, this allows for potential quality improvements in the drug synthesis.
Declarations
The authors report no conflicts of interest or competing interests.

References
1.     Guus A.M.S. van Dongen, et.al.(2021) The Role of 89Zr-Immuno_PET in Navigating and Derisking the Development of Biopharmaceuticals, J Nucl Med 2021; 62:438-445

2.
Kaplon H, Reichert JM (2019 Antibodies to watch in 2019, MAbs. 2019, 11:219-238.

3. 
Youn, Joon-Kee, et al. (2020) Current Perspectives on 89Zr-PET Imaging, Int. J. Mol. Sci. 2020, 21, 4309
4.
 Ryman, Josiah T and Meibohm, Bernd (2017) Pharmacokinetics of Monoclonal Antibodies, CPT Pharmacometrics Syst. Pharmacol 6, 576-588, 2017.
5.
Yvonne W.S. Jauw, et.al (2017) Performance of 89Zr-Labeled-Rituximab-PET as an Imaging Biomarker to Assess cD20 Targeting: A Pilot Study in Patients with Relapsed/Refractory Diffuse Large B Cell Lymphoma, PLoS ONE 12(1):e0169828.

6.
Yvonne W.S. Jauw, et.al.(2016) Immuno-Positron Emission Tomography with Zirconium-89-Labeled Monoclonal Antibodies in Oncology: What Can We Learn from Initial Clinical Trials?, Frontiers in Pharmacology, Vol 7, Article 131, May 2016.

7.
Perk, L., et al (2010) p-Isothiocyanatobenzyl-desferrioxamine: a new bifunctional chelate for facile radiolabeling of monoclonal antibodies with zirconium-89 for immuno-PET imaging, Eur. J. Nucl. Med. Mol Imaging, 37, 250-359.
8.
Verel, L. et.al. (2003) 89Zr immuno-PET: comprehensive procedures for the production of 89Zr labeled monoclonal antibodies. J. Nucl. Med. 44, 1271-1281.

9.
Vosjan M.J., et al., (2010) Conjugation and radiolabeling of monoclonal antibodies with zirconium-89 for PET imaging using the bifunctional chelate p-isothiocyanatobenzyl-desferrioxamine. Nat. Protoc. 5, 739-743.

10.
Dalen, J., et al. (2008) Effect of the positron range on the spatial resolution of a new generation pre-clinical PETscanner using F-18, Ga-68, Zr-89 and I-124. J Nucl. Med. 2008, 49, 404.

11.
Stillebroer, A.B., et. al. (2013) ImmunoPET imaging of renal cell ccarcinoma with 124I and 89Zr-labeled anti-CAIX monoclonal antibody cG250 in mice.  Cancer Biother. Radiopharm 2013 28, 510-515.

12 SEQ CHAPTER \h \r 1.
Kasbollah, A, et.al, (2013) Review on Production of 89Zr in a Medical Cyclotron for PET Radiopharmaceuticals, J. Nucl Med Technol; 41:35-41.

13.
Gaja, G et.al.(2020), Production and Semi-Automated Processing of 89Zr Using a Commercially Available TRASIS MiniAiO Module, Molecules, 25, 2626; doi:10.3390/molecules25112626

14.
Queern, Stacy Lee, et.al.(2017), Production of Zr-89 using sputtered yttrium coin targets, Nuclear Medicine and Biology 50 11 - 16

15.
Wuensche, T, et.al.(2024), Good Practices for 89Zr radiopharmaceutical production and quality control, EJNMMI Radiopharmacy and Chemistry  9:40

16.
Holland, J, et.al.(2009), Standardized methods for the production of high specific activity zirconium-89, Nucl Med Biol October 36(7): 729-739

17.
Wang, F. Et.al., Production of the next generation positron nuclide zirconium-89 (89Zr) guided by Monte Carlo simulation and its good quality for antibody labeling, J Label Compd Radiopharm, 2021;64: 47-56
18.
Current Good Manufacturing Practice for Positron Emission Tomography Drugs: Preliminary Draft Proposed Rule, 2002:68, Food and Drug Administration, Rockville, MD
19.
Positron Emission Tomography In: Food and Drug Administration Modernization Act of 1997, Pub L No. 105-115, para.121.
20.
Lasche, G et al, VRF (“Visual RobFit”) — nuclear spectral analysis with non-linear full-spectrum nuclide shape fitting, EPJ Web of Conferences 153, 01002 (2017)
21.
Snakedance Scientific, LLC, https://www.SnakedanceScientific,com
22.
Metzger, R.L., et. al. (2018) Detection of long-lived contaminants in cyclotron produced radiopharmaceuticals by large-area plastic scintillators, J. Radioanalytical and Nuclear Chemistry (2018) 318:11-15.
23.
Zirconium Alloys, Wikipedia, (16 March 2025), https://en.wikipedia.org/wiki/Zirconium_alloys.
24. Kamak, K. et al., Measurement of the 175Hf half-life, Phys. Re. C 111, 024308, 2025.

PAGE  
1

