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Introduction: Zirconium-89 (89Zr, t1/2= 78.4 h) liquid target (LT) production offers an approach to introduce this
positron-emitting isotope to cyclotron centreswithout the need for a separate solid target (ST) production set up.
We compared the production, purification, and antibody radiolabeling yields of 89Zr-(LT) and 89Zr-(ST), and
assessed the feasibility of 89Zr-(LT) for preclinical PET/CT.
Methods: 89Zr-(ST) production was performed with an 89Y foil on a TR 19 cyclotron at 13.8 MeV. For LT produc-
tion; an aqueous solution of yttriumnitrate (Y(NO3)3 · 6H2O)was irradiated on a TR 13 cyclotron at 12MeV. 89Zr
was purified from the ST or LTmaterial with hydroxamate resin, and used to radiolabel p-SCN-Bn-Deferoxamine
(DFO)-conjugated Trastuzumab. MicroPET-CT imaging was performed at 1, 3 and 5 days post-injection of 89Zr-
DFO-Trastuzumab from ST or LT with biodistribution analysis on day 5.

Results: Irradiation of the ST yielded2.88±1.07GBq/μAwith a beamcurrent of 14.0±3.8 μAand irradiation time
of 137±48min at end of bombardmentwhile LT yielded 0.27±0.05GBq/μAwith a beamcurrent of 9.9±2.2 μA
and irradiation time of 221 ± 29 min. Radiolabeling of DFO-Trastuzumab with 89Zr-(ST) or 89Zr-(LT) was suc-
cessful with purity N 97% and specific activity N 0.12 MBq/μg (of antibody). MicroPET-CT imaging and
biodistribution profiles showed similar uptake of 89Zr-(ST)-DFO-Trastuzumab and 89Zr-(LT)-DFO-Trastuzumab
in tumor and all organs of interest.
Conclusion: 89Zr-(LT) was effectively used to prepare antibody bioconjugates with specific activities suitable for
small animal imaging. PET imaging and biodistribution revealed similar behaviours between bioconjugates la-
beled with 89Zr produced from the two target systems.
Advances in knowledge and implications for patient care: These results have important implications for the produc-
tion of PET isotopes such as 89Zr to cyclotron facilities with only LT capabilities – such as most clinical centres –
expanding the availability of 89Zr-immunoPET.

© 2017 Published by Elsevier Inc.
1. Introduction

Given its favourable decay properties (β+ yield 23%, Eβ + avg =
396 keV; t1/2 = 78.4 h), zirconium-89 (89Zr) is rapidly gaining interest
as a valuable radionuclide for immunoconjugate positron emission to-
mography (PET) imaging [1,2]. Most notably, the radiological half-life
of 89Zr matches well with the long circulation and biological half-life
of antibodies, while the low energy positron decay results in high
Vancouver, BCV5Z 1L3, Canada.
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resolution making it an attractive isotope for clinical and pre-clinical
use [2–7]. The production of 89Zr can be accomplished on most modern
medical cyclotrons, and is relatively straight-forward to pursue. Produc-
tion requires targets of naturally abundant, inexpensive startingmateri-
al yttrium-89 (89Y) [2,8], with purification methods for 89Zr also well
established. A variety of methods have been developed to further im-
prove purification efficiency and are amenable to automation [8,9].

Current production of 89Zr utilizes 89Y in the form of foils or pellets
which are sputtered or deposited onto a solid target (ST) backing
plate. The energy requirement for the 89Y(p,n)89Zr reaction enables suf-
ficient yields of 89Zr using low energy clinical cyclotrons to conduct pre-
clinical or clinical imaging studies [10,11]. However, dissolution of the
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solid yttrium foil results in an exothermic reaction and generation of hy-
drogen gas, which requires awell-designed closed system for this disso-
lution process. An observation has been reported by others [12],
requiring the need of a dissolution system to contain the evolved hydro-
gen gas from contaminating the hot cell with radioactive particles. Once
dissolved and in solution, the purification of 89Zr from the 89Y target
material can be achieved on a solid phase with a hydroxamate resin
[8]. Purification of ST 89Zr is typically complete within 1 h of dissolution
of the irradiated material and is purified in a final solution of 1 M oxalic
acid.While the ST approach is advantageous for obtaining high produc-
tion yields, high operational costs and a dedicated solid target system
are required to implement this technology [9]. This limits 89Zr produc-
tion capabilities to cyclotron facilities equipped with a dedicated solid
target system. Radiolabeling of antibodies with 89Zr is achievable for
both clinical and pre-clinical research yielding bioconjugates with
high radiochemical purity and suitable specific activity [13–16].

Producing radiometals via a liquid target (LT) system could signifi-
cantly expand the availability of medically relevant radioisotopes and
accelerate clinical development by leveraging the existing infrastruc-
ture in place for clinical fluorine-18 (18F) production. Most recently,
our group [17,18] and others [19,20] have reported the liquid target
production of PET radioisotopes such as 44Sc, 89Zr, 68Ga, and 86Y. Pro-
duction yields of 89Zr via LT systems have been reported previously
[17]with production limited by target density, but also by target perfor-
mance with concerns around concomitant gas formation and pressure
increases during irradiation [9]. Purification of 89Zr-(LT) uses the same
procedures used for 89Zr-(ST); with automated delivery of the irradiat-
ed solution to a hot cell. Most notably, LT production of 89Zr eliminates
the need for solid target dissolution, making for a simpler post irradia-
tion process. Advances in radiometal production via an LT system
have demonstrated some improvements with yield [19]. Bansal et al.
has previously showed the feasibility of preclinical PET imaging
of 89Zr-(LT) labeled cells [21]; however, radiolabeling efficiency of
the purified isotopes for pre-clinical immunoconjugate imaging
has not been assessed. The radiolabeling efficiency of radionuclides
to immunoconjugates is of particular importance because it is
known that the specific activity and amount of antibody injected
into pre-clinical and clinical subjects can affect the biodistribution
[6,22]. Successful 89Zr radiolabeling of antibodies with ideal specific
activity of ~0.074 MBq/μg has been achieved and assessed with
conventional 89Zr-(ST) production for both pre-clinical and clinical
imaging [6,15,16].

Our group [17] and others [9,19] have demonstrated the feasibility of
producing 89Zr via a LT system. Herein we describe the feasibility of
using LT produced 89Zr for radiolabeling and in vivo diagnostic PET
imaging of an immunoconjugate. In addition to comparing the produc-
tion and purification yields of 89Zr-(LT) or 89Zr-(ST), we compare the
radiolabeling yields, specific activity and in vivo biodistribution of an
immunoconjugate, p-SCN-Bn-Deferoxamine-Trastuzumab (DFO-Trastuzumab),
radiolabeled with 89Zr produced either via the LT or ST systems.

2. Materials and methods

2.1. Reagents and instruments

The liquid target material natY(NO3)3 · 6H2O (99.9%) was purchased
from Alfa Aesar (Ward Hill, MA, USA). 89Y metal foils (99.9%, 0.254 mm
thickness) were purchased from American Elements (Los Angeles, CA,
USA). Ultrapure HCl (TraceSELECT®), and sodium oxalate (99.99%
trace metal basis) were purchased from Sigma-Aldrich (Oakville, ON,
Canada). Ultrapure nitric acid (TraceMetal™ grade) was obtained
from Fisher Scientific (Ottawa, ON, Canada). A Millipore system
(Direct-Q® 3UV with Pump, 18 MΩ cm−1) provided ultrapure water.
The bifunctional chelator p-SCN-Bn-Deferoxamine (DFO) was pur-
chased from Macrocyclics (Dallas, TX, USA). Dimethyl sulfoxide
(DMSO) used for chelator stock solutions was of molecular biology
grade (N99.9%) obtained from Sigma-Aldrich. All other chemicals
were analytical grade and used without further purification.

The radiolabeling of bioconjugates was monitored using silica-
impregnated instant thin-layer chromatography paper (iTLC-SG)
(Agilent Technologies, Santa Clara, CA, USA) and analyzed on a Ray
Test miniGita with Beta GMC detector radio-TLC plate reader using
TLC control Mini Ginastar software (Straubenhardt, Germany). After
conjugation and radiolabeling respectively, 50 kDa molecular weight
cut off filters (Amicon ultracentrifuges, Ultracel-50: regenerated cellu-
lose, Millipore Corp., Billerica, MA, USA) and GE Life Sciences PD-10
desalting columns (GE, United Kingdom, MW b 5000 Da filter) and
were used for purification. High performance liquid chromatography
(HPLC) analyses of purified 89Zr-DFO-Trastuzumab were carried out
using a size-exclusion chromatography (SEC) column (Phenomenex,
BioSep-SEC-s-3000) on an Agilent™ system equipped with a model
1200 quaternary pump, a model 1200 UV absorbance detector (set at
280 nm), and a Bioscan (Washington, DC, USA) NaI scintillation detec-
tor. The radiodetector was connected to a Bioscan B-FC-1000 flow-
count system, and the output from the Bioscan flow-count system was
fed into an Agilent 35900E interface, which converted the analog signal
to a digital signal. The HPLC buffer was an isocratic gradient of 0.1M so-
dium phosphate monobasic dihydrate, 0.1 M sodium phosphate dibasic
dodecahydrate, 0.1 M sodium azide and 0.15 M sodium chloride
(pH 6.2–7.0).

Radionuclidic purity of the irradiated salt solutions was determined
by gamma spectroscopy using a Canberra Inc. (Meriden, CT, USA) N-
type Co-axial high-purity germanium detector (HPGe) calibrated for
energy and efficiency. After mixing, small aliquots (5–100 μL) of the ir-
radiated solutions were removed and diluted in a standard volume of
water (20 mL) for measurement; samples were measured for 30 min,
and a dead time b 5%. Radioisotopic dilution, immunoreactivity and
biodistribution samples were counted on a Perkin Elmer (Waltham,
MA, USA) Wizard 2 2480 automated gamma counter.

2.2. Target preparation

2.2.1. Preparation of liquid target solutions
Yttrium(III) nitrate solutions were prepared as previously described

[17]. Briefly, natY(NO3)3 · 6H2O (37.5 g) was dissolved in ultrapure
water (22.7 g) and concentrated nitric acid (2.30 mL) by stirring at
40 °C overnight to give Y-nitrate in ~0.8 M HNO3 (density = 1.48 ±
0.01 g/mL, metal concentration = 0.203 ± 0.002 g/cm3).

2.2.2. Preparation of solid target
Yttrium foils were water jet cut into 10 mm diameters (0.089 ±

0.002 g), sandwiched between an aluminum ring and backing and load-
ed on a modified solid target holder based on the work of Zeisler [23].

2.3. Cyclotron target and irradiation

2.3.1. Liquid target
Experimentswere performedon TRIUMF's TR13 cyclotron (Vancouver,

BC, Canada; Advanced Cyclotron Systems Inc., Richmond BC, Canada), a
13 MeV self-shielded, negative hydrogen ion cyclotron. Irradiations
were performed in a siphon niobium-body target with an internal tar-
get volume of 1.48 mL and an expansion chamber with a volume of
1.77 mL. The target was designed in consideration of work performed
by Stokely [24]. The beam window used was a 38 μm thick Havar®
foil (Goodfellow Corporation Coraopolis, PA, USA). The oval shaped tar-
get chamberwas irradiated in the bottomhalfwith a circularly collimat-
ed Gaussian beam 10 mm wide, while the top half and the expansion
chamber were sufficient in volume to accommodate produced gases
caused by radiolysis. Loading and unloading of the target was per-
formed using an automated system. The target chamber was filled
with solution from the bottom using a syringe pump. A bolus detector
positioned past the target chamber at the top was used to verify that
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the target chamber had been filled. This routinely required pushing ap-
proximately 6.2–6.5 mL of solution into the system. Once the bolus de-
tector had tripped, an additional 1 mL of solution was pushed into the
system to act as a flush upon unloading of the target. After the target
chamber was loaded, the expansion chamber was pressurized with
300 to 350 psi pressure helium in order to increase the boiling point
and consequently to reduce the pressure rise. All valves to the target
were then shut in preparation for irradiation. The target and loading
system used for these experiments have been previously described
[18,25]. The irradiationswere performed in several replicates using pro-
ton beams of approximately 10 μA for 60 or 240 min. Initial runs were
irradiated for 60 min and increased for in vivo studies. The target solu-
tionwas unloadedwith pressurized helium and collected into a vial in a
nearby hot cell. This unloading procedure resulted in target solution
volumes of 5–7 mL.

2.3.2. Solid target irradiation
Irradiation of solid target production of 89Zr was achieved on a TR19

cyclotron (Advanced Cyclotron Systems Inc.) at the BC Cancer Agency
(BCCA), Vancouver, BC, Canada. The nose-piece of the target mounts
into the solid target station on the cyclotron perpendicular to the
beam. A vacuum is situated between the beam and a double havar foil
window that allows for helium cooling. The yttrium target sits in the
support ring and is cooled with water on the back of the aluminum
piece. The proton beam energy was 13.8 MeV with a beam current of
14 μA on the89Y foil target. Irradiation beam time was adjusted to
match experimental requirements and operational constraints and the
integrated current varied.

2.4. Separation chemistry

The hydroxamate resin used for the purification of liquid or solid tar-
get 89Zr was prepared as described by Holland et al. [8]. Before 89Zr pu-
rification, the hydroxamate resin was packed between two frits in a
4 mL reservoir and activated with acetonitrile (8 mL), washed with ul-
trapure H2O (15 mL) and conditioned with 2 M HCl (4 mL).

The irradiated STwas dissolved in 6MHCl (2mL) in a closed system
for 1 h. The irradiated LT solution was purified at least 1 h post end of
beam for 1 h irradiations or 4 h post end of beam for 4 h irradiations
to reduce the radiation exposure to the experimenter derived from
the amount of 13N and 11C coproduced during the irradiation. The 89Zr
solutions were diluted to 2 M HCl by adding 4 mL of H2O for the ST;
1.4 mL of 10 M HCl was added to the LT with a further addition of 2 M
HCl (5 mL). ST and LT solutions were loaded onto the conditioned
hydroxamate resins of 100 and 50 mg, respectively. Once the 89Zr was
trapped the resins were washed with 2 M HCl (10 mL) to further re-
move any 89Y and other impurities; subsequently washed with H2O
(10 mL) and air dried. The 89Zr was eluted from the resins with 1.0 M
oxalic acid in aliquots of 0.5 mL.

2.5. Trastuzumab bioconjugation

Trastuzumab (Genentech, San Francisco, CA) was purified to re-
move α-α-treholase dehydrate, L-histadine, and polysorbate 20 ad-
ditives using centrifugal filter units with a 50 kDa molecular weight
cut off and washed with PBS (pH 7.4, 15 mL) at 4000 g for 20 min
four times. The final spin was washed with PBS (pH 8.9–9.1,
15 mL). Following a similar procedure to Vosjan et al. [15], purified
Trastuzumab (2 mg, 13.3 nmol) was incubated with p-SCN-Bn-
Deferoxamine (DFO, 60.23 μg, 80 nmol) at room temperature over-
night with a DFO:Trastuzumab molecular ratio of 6:1 in PBS
pH 8.9–9.1 in a total reaction volume of 1 mL. Conjugated DFO-
Trastuzumab was then purified using the centrifugal filter technique
described above and washed once with 5 mg/mL 2,5-dihydrobenzoic
acid, in 0.25 M sodium acetate solution.
2.6. Optimization of 89Zr antibody radiolabeling

Varying quantities (50 or 200 μL) of 89Zr-oxalate were incubated
with either 22.5 or 90 μL of 2 M Na2CO3 to adjust the pH of the 89Zr to
pH 6.5–7.5 at room temperature for 3min. To this neutralized 89Zr solu-
tion, DFO-Trastuzumab (50, 200 or 500 μg) was added and the volume
adjusted to obtain at least a concentration of 0.2 μg/μL of DFO-
Trastuzumab with PBS (pH 7.4). The reaction was allowed to progress
for 60 min at room temperature, and radiolabeling yield of the reaction
was assessed on iTLC-SG using 50mMDTPA (pH 7) asmobile phase and
counted on a TLC plate reader. For optimization experiments, specific
activity was estimated based on radiochemical yield from iTLC results.
For complete radiolabeling analysis, the 89Zr-DFO-Trastuzumab
was purified using size exclusion PD-10 desalting columns with
PBS pH 7.4 and concentrated using 50 kDa molecular weight cut
off filters. Specifically, for the in vivo study; 200 μL of 89Zr-(ST)
or 89Zr-(LT) corresponding to 78.4 and 42.4 MBq, respectively,
were neutralized with 90 μL 2 M Na2CO3 and incubated with 200 μg of
DFO-Trastuzumab, the final volume was adjusted to 1.0 mL with PBS.
Final radiochemical purity and specific activity were determined using
size–exclusion HPLC.
2.7. Chelate number

The number of accessible DFO chelates conjugated to Trastuzumab
was determined by radiometric isotopic dilution assays as described
by Deri et al. [14]. Briefly, a stock solution of 1.4 mM ZrCl4 in 1 M oxalic
acid was prepared. Approximately 400 μCi of 89Zr (200 μL, in 1 M oxalic
acid) was added to 200 μL of the stock ‘cold’ Zr4+ solution. This 89Zr[Zr]
mixture was neutralized to pH 7 with 2 M Na2CO3, 1 M oxalic acid, and
PBS pH 7.4 to create a working solution with a final Zr4+ concentration
of 0.23 mM. Triplicate solutions of DFO-Trastuzumab were prepared by
pipetting 30 μL of antibody in PBS (48 μg, 0.3 nmol). Negative controls
using 30 μL of PBS were also prepared in triplicate. Aliquots of 20, 25,
and 30 μL of the 89Zr[Zr] working solutionwere added to each tube con-
taining DFO-Trastuzumab or PBS. The solutionswere incubated at room
temperature with gentle mixing overnight, and subsequently quenched
with a volume of 50 mM DTPA (pH 7) equal to 1/9 of the reaction
volume. The reaction mixture was left to incubate for 15 min to scav-
enge any non-specifically bound Zr4+. Each reactionwas then analyzed
by iTLC-SG as previously described. Strips were cut in half, each placed
separately in test tubes, and counted on the calibrated gamma counter
to determine the extent of radiolabeling. The average number of che-
lates per antibody was calculated using by dividing the cpm of the
bound 89Zr (Rf= 0) by the cpmof the unbound 89Zr (Rf N 0.5) andmul-
tiplying that by the number of moles (n) of free Zr4+ divided by moles
of DFO-Trastuzumab.
2.8. In vitro immunoreactivity assay

Immunoreactivity fractions of radiolabeled Trastuzumab with
89Zr either from the ST or the LT were determined per the Lindmo
cell-binding assay [26] using a previously established protocol
[27]. Briefly, HER2-positive SKOV-3 cells were suspended at differ-
ent concentrations (0.4 to 4.5 × 106 cells/mL in PBS). Either 89Zr-
(ST)-DFO-Trastuzumab or 89Zr-(LT)-DFO-Trastuzumab (diluted in
1% PBS-BSA at 0.5 MBq/mL) were added to each tube in triplicates.
After 1 h incubation at ambient temperature and under gentle agi-
tation, cells were centrifuged and washed twice with PBS. The
bound and unbound fractions of the radiolabeled antibodies were
determined for each sample using a gamma counter (with background
and decay correction). Immunoreactive fractionswere estimated by lin-
ear regression analysis of total/bound activity against 1/[cell concentra-
tion].



Table 1
Summary of 89Zr production parameters for solid and liquid target irradiations. Results are
given as mean ± SD.

Solid target Liquid target

Cyclotron TR 19 BCCA TR 13 TRIUMF

Integrated dose
[μA·min]

755 ± 124 1797 ± 379 639 ± 133 2159 ± 507

Number of runs 9 5 9 4
Proton energy [MeV] 13.9 13.9 12 12
Beam current [μA] 14.5 ± 4.2 14.0 ± 3.8 10.9 ± 3.0 9.9 ± 2.3
Beam time [min] 60 ± 28 137 ± 48 58 ± 4 221 ± 29
EOB Yield [MBq] 456 ± 116 715 ± 247 38 ± 17 85 ± 35
Saturated Yield
[MBq/μA]

3990 ± 642 2879 ± 1074 407 ± 160 266 ± 51

Purified 89Zr at EOB
[MBq]

339 ± 89 507 ± 237 20 ± 13 76 ± 26

Table 2
Comparison of 89Zr ST and LT production yields to literature results.

Solid target Liquid target

BCCA Holland et al. [8] TRIUMF Pandey et al. [19]

Yttrium [g] 0.089 0.33 0.3 0.28
Proton energy
[MeV]

13.8 15 12 14

Beam current
[μA]

14.0 ± 3.8 15 9.9 ± 2.3 40

Beam time [min] 137 ± 48 145 ± 18 221 ± 26 120
EOB Yield [MBq] 715 ± 247 2044 ± 387 85 ± 35 349 ± 49
Yield [MBq/μA·h] 25.2 ± 9.4 56.1 ± 4.3 2.3 ± 0.4 4.4 ± 0.6
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2.9. 89Zr-DFO-Trastuzumab PET/CT imaging studies

All animal experiments were performed at the Animal Resource
Centre of the BC Cancer Agency Research Centre in accordance with
the institutional guidelines of the University of British Columbia Animal
Care Committee (Vancouver, BC, Canada) and under the supervision of
authorized investigators.

Female immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ(NSG)
mice (obtained from an in-house breeding colony) were subcutaneous-
ly injectedwith 8 × 106 SKOV-3 cells inmatrigel (BD Bioscience) on the
right flank. Mice were anesthetized with isoflurane (2% in O2) and
injected via tail vein with either 89Zr-(ST)-DFO-Trastuzumab (4.0 ±
0.3 MBq, corresponding to 35 ± 2 μg of antibody) or 89Zr-(LT)-DFO-
Trastuzumab (3.4 ± 0.2 MBq, corresponding to 22 ± 1 μg of antibody),
2 weeks after SKOV-3 cell inoculation (n = 3 per group). Each mouse
underwent a CT scan for attenuation correction followed by a μPET ac-
quisition, acquired 1, 3 and 5 days post-injection using a Siemens Inveon
microPET/CT scanner (Siemens Medical Solutions, Knoxville, TN, USA)
and under anesthesia (2% isoflurane-O2). To acquire approximately
the same counts for PET images the counting time was adjusted to the
injected activity (20 min scan for 89Zr-(ST)-DFO-Trastuzumab and
24min scan for 89Zr-(LT)-DFO-Trastuzumab). Imageswere reconstruct-
ed using the 3-dimensional ordered-subsets expectation maximization
(OSEM3D, 2 iterations) followed by a fast maximum a priori algorithm
(FastMAP: 18 iterations) and attenuation corrected based on the CT
image.

2.10. Biodistribution

At day 5 post injection of the 89Zr-DFO-Trastuzumab, mice were eu-
thanized by inhalation of isoflurane followed by CO2. Blood was with-
drawn by intracardiac puncture, and then tumors and organs of
interestwere harvested,washed in PBS, blotted dry andweighed. Activ-
ity of each sample was measured by a gamma counter with decay cor-
rection. The activity uptake was expressed as a percentage of the
injected dose per gram of tissue (%ID/g). Statistical analysis for
biodistribution data were performed using GraphPad Prism (version
7). P values were calculated using multiple t-tests with the Holm-
Sidak method to correct for multiple comparisons. P values b 0.05
were considered statistically significant.

3. Results and discussion

3.1. 89Zr production

89Zr-(ST) production on the TR19was achievedwith an average cur-
rent of 14.6 μA, with integrated doses ranging from 631 to 2112 μA·min
due to the differences in irradiation times and days. Differences in inte-
grated currents were primarily due to the scheduling time for sufficient
89Zr at the time of purification. Shorter runs (~60 min) where purifica-
tion was scheduled the same or within one day of the irradiation were
run with an average integrated dose of 755± 124 μA·min and resulted
in 456 ± 116 MBq of 89Zr-(ST) produced decay corrected to end of
beam (EOB, n = 9). Longer irradiations, typically 130 min, where per-
formed when purification was scheduled for at least 24 h post irradia-
tion and were run with an average integrated dose of 1797 ±
379 μA·min and resulted in 715 ± 247 MBq 89Zr decay corrected to
EOB (n = 5) (Table 1).

Due to the 100% natural abundance of 89Y, irradiation of the Y(NO3)3
solution in the liquid target system produced solely 89Zr through
the 89Y(p,n)89Zr reaction. A one hour irradiation of Y(NO3)3 solution
produced on average 38 ± 17 MBq of 89Zr (n = 9, decay corrected to
EOB, Table 1); while this was a sufficient amount of activity to test
radiolabeling chemistry, it is likely below the lower limit needed to
prepare an antibody conjugate of high enough specific activity for a
comprehensive pre-clinical imaging study. To produce sufficient yields
of 89Zr to complete a pre-clinical imaging study, four hour irradiations
were performed. A 4 h irradiation produced an average of 85 ±
3MBqof activity (n=4, decay corrected to EOB, Table 1). A comparison
of solid and liquid 89Zr production yields found in literature are com-
pared (Table 2). While the saturation yield of the 60 min irradiation
agrees well within error with the results from Pandey et al. for an irra-
diation of 120 min, our longer 221 min irradiation has a lower satura-
tion yield compared to the 60 min irradiation of 50%. While a drop in
saturation yield for longer irradiation is expected [28], the magnitude
of the drop is not understood at this moment. The radionuclidic purity
of the crude irradiated LT solution 48 h after EOB and dissolved ST
72 h after EOBwere found to be N99.0%, confirmed by gamma spectros-
copy (Fig. 1).

3.2. 89Zr purification

Purification of the 89Zr from the 89Y target material was achieved
with solid phase separation on a hydroxamate resin for both ST and LT
productions. Extraction and purification of the ST irradiated foil was
often performed at least 24 h after EOB. Due to the current set up at
BCCA, manual extraction of the foil was required and performed when
the field from the target was acceptable and around daily clinical 18F
production runs. Purification of 89Zr-(ST) is achievable within 30 min
after the complete dissolution of the irradiated foil, 100 mg of the
hydroxamate resin. As described in the methods, the dissolved ST solu-
tionwas diluted to 2MHCl and loaded onto the resin, washedwith 2M
HCl and H2O and eluted with 0.5 mL aliquots of 1 M oxalic acid. The ac-
tivity from thefirst 0.5mL elution fromST purification often yielded suf-
ficient activity required for optimizing radiolabeling conditions and for
in vivo studies. On average, 57±17%of radioactivity from the irradiated
foil was eluted in the first 0.5 mL elution from the hydroxamate resin
resulting in 281 ± 94 and 359 ± 145 MBq decayed to EOB for the
lower and higher integrated dose runs respectively. Additional elutions
resulted in the recovery of 71 ± 16%, with a total yield of 339 ± 89 and
507± 237MBq for the lower and higher integrated dose runs in a total
volume of 1.0–1.5 mL. The purified 89Zr at EOB represented in Table 1



Fig. 1. Spectrums of the gamma-ray emissions observed from unpurified samples of 89Zr-
(ST) above and 89Zr-(LT) below, acquired 72 h (ST) and 48 h (LT) post EOB.

Table 3
Radiolabeling conditions of DFO-Trastuzumab with either 89Zr-(ST) or 89Zr-(LT). Radio-
chemical yield (RCY) determined from iTLC and estimated specific activity (SA) based
on RCY and starting DFO-Trastuzumab (μg) are shown.

Solid target (ST) Liquid target
(LT)

89Zr (μL) 200 200 50 200 50
89Zr (MBq) 65 82 23 33 10
1 M oxalic acid (μL) 90 90 22.5 90 22.5
mAb [μg] 500 200 200 200 50
RCY 66% 37% 81% 51% 49%
SA [MBq/μg] 0.06 0.16 0.10 0.09 0.07
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includes the total yield from all elutions. For purification of 89Zr for the
in vivo study, the activity and concentration in the first elution was suf-
ficient for radiolabeling and an additional elution was not performed.

Purification of 89Zr-(LT) required the addition of 10 M HCl (1.4 mL)
to the irradiated nitric acid solution with an addition of 2 M HCl (5 mL)
in order to adjust the acid concentration to 2 M HCl prior to loading the
solution onto a 50mghydroxamate resin following procedures outlined
previously by our group [17]. To reduce radiation exposure due to the
presence of co-produced 13N and 11C, purification of the LT solution
started 1 or 4 h post EOB, for a 60 or 240 min irradiation, respectively.
Separation efficiency of the LT solution was 91 ± 6%, resulting in
20 ± 13 MBq decay corrected to EOB for a 60 min irradiation. The elu-
tion of the final 89Zr product was achieved with one 0.5 mL elution of
1 M oxalic acid. By increasing the irradiation time to 4 h, 66 ± 26 MBq
of 89Zr-(LT) was isolated (76 ± 26 MBq 89Zr decay corrected to EOB).
3.3. Antibody radiolabeling

3.3.1. Optimization and comparison of antibody radiolabeling with 89Zr-(ST)
versus 89Zr-(LT)

Tooptimize radiolabeling and to obtain specific activity (SA) suitable
for in vivo μPET imaging (N0.07 MBq/μg), a range of volumes of purified
89Zr-(ST) (50 or 200 μL) were neutralized with the appropriate amount
of 2 M Na2CO3 (22.5 or 90 μL) (Table 3). To these conditions, 50 μg,
200 μg or 500 μg of conjugated DFO-Trastuzumab in PBS were added.
Radiolabeling of the conjugated mAb was achieved at ambient temper-
atures at pH 7.0 within 1 h. Radiolabeling efficiency was assessed by
iTLC and estimated SA was calculated based on the radiolabeling effi-
ciency divided by the amount of startingDFO-Trastuzumab, this provid-
ed a crude and reasonable estimation of SA (Table 3). Initially using
200 μL of 89Zr-(ST) and 200 μg of DFO-Trastuzumab, a radiolabeling
yield of 37%with an estimated SA of 0.16MBq/μgwas obtained. Increas-
ing the amount of DFO-Trastuzumab (500 μg) in the reaction increased
the radiolabeling yield to 66%; however, consequently resulted in a
lower SA (0.06 MBq/μg).

In order to compare the efficiency of radiolabeling between 89Zr-
(ST) and 89Zr-(LT) using the similar amount of activity, the volume
of 89Zr-(ST) was decreased proportionally to match the activity mea-
sured in 200 μL of 89Zr-(LT). Using 50 μL of 89Zr-(ST) in the radiolabeling
reaction further improved radiolabeling yield to 81% while SA de-
creased to 0.10 MBq/μg (Table 3). Nevertheless, the bioconjugate was
still sufficient for imaging. Generally, lower starting volumes of 89Zr-
(ST)-oxalate in the radiolabeling reactions resulted in higher radio-
chemical yields.

When comparing the radiolabeling efficiency of DFO-Trastuzumab
(200 μg) with an equal volume (200 μL) of 89Zr-(LT) or 89Zr-(ST) radio-
chemical yields using liquid target 89Zrwere higher (51% vs. 37%RCY re-
spectively). This suggests that 89Zr-oxalate isolated from a LT may
contain lower concentrations of non-radioactive metal impurities com-
pared to 89Zr-(ST)-oxalate. Reducing both the 89Zr-(LT) volume and
amount of DFO-Trastuzumab in a radiolabeling reaction resulted in
radioimmunoconjugates with sufficient SA for in vivo studies but not
sufficient activity for μPET imaging. Radiolabeling 200 μg of DFO-
Trastuzumabwith 200 μL of 89Zr-(LT) resulted in a RCY of 51%. Decreas-
ing the amount of DFO-Trastuzumab to 50 μg and 89Zr-(LT) (50 μL)
maintained a 49% RCY. Both radiolabeling conditions resulted in suitable
SAs for μPET imaging of 0.09 and 0.07MBq/μg respectively (Table 3). As
the volume to volume comparison does not take into consideration the
much higher amount of 89Zr activity in the ST solution; by reducing the
volume of 89Zr-(ST) to 50 μL to match the activity within 200 μL of 89Zr-
(LT), similar SAs were obtained after radiolabeling of the same quantity
of antibody (Table 3).

3.3.2. Antibody radiolabeling with either 89Zr-(ST) or 89Zr-(LT) for in vivo
study

For the in vivo study, in order to obtain the best radiolabeling poten-
tial using either 89Zr-(LT) or 89Zr-(ST), DFO-Trastuzumab (200 μg) was
incubated with the same volume of 200 μL of 89Zr (ST: 78.4 MBq, LT:
42.2 MBq) (Table 4). After 60 min, iTLC results from the crude reac-
tion showed better radiolabeling with the 89Zr-(LT) (55%) than 89Zr-
(ST) (33%). FollowingPD-10 purification and concentration of the
radiolabeled Trastuzumab, iTLC of the final products showed 97%
and 98% radiochemical purity for the 89Zr-(ST) and 89Zr-(LT) reactions,
respectively. The predicted SA estimation based on iTLC was consistent
with previous radiolabeling performed during the optimization process
by size-exclusionHPLC, the SAs for ST (0.12MBq/μg) and LT (0.15MBq/μg)
were determined and suitable for μPET imaging. The final activity of



Table 4
Radiolabeling conditions for the in vivo study of DFO-Trastuzumab with either 89Zr-(ST)
or 89Zr-(LT). Radiochemical yield (RCY) determined from iTLC and specific activity (SA)
determined based on SEC HPLC are shown.

Solid target (ST) Liquid target (LT)

89Zr (μL) 200 200
89Zr (MBq) 78.4 42.2
mAb [μg] 200 200
RCY 33% 55%
SA [MBq/μg] 0.12 0.15
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purified 89Zr-DFO-Trastuzumab products prepared for animal injec-
tions were: ST: 18.6 MBq and LT: 15.5 MBq. In parallel, the number of
chelates per DFO-Trastuzumab and the immunoreactivity were deter-
mined. An average of 2.6 ± 0.3 DFO chelates per mAb was determined
for the DFO-Trastuzumab immunoconjugate. Immunoreactive fractions
within the same range were obtained (72 and 67% for ST and LT 89Zr-
DFO-Trastuzumab respectively).
3.4. Small animal μPET-CT imaging and biodistribution

μPET-CT images were acquired at 1, 3 and 5 days post-injection
(Fig. 2) of 89Zr-DFO-trastuzumab. Images showed similar high uptake
of the radiolabeled immunoconjugate within the SKOV-3 tumors
as early as day 1 post-injection. For 89Zr-(ST)-DFO-Trastuzumab
and 89Zr-(LT)-DFO-Trastuzumab, a typical biodistribution profile of a
radiolabeled immunoconjugate was observed with high liver, heart
and spleen uptake. High contrast PET images were obtained for both,
enabling clear visualization of the tumor xenografts. Also, tumor uptake
increased over the 5 day period for both compounds. Notably as with
most 89Zr-DFO complexes in mice, demetalation of the 89Zr was ob-
served and increased over the progression of the study; evident by the
qualitative increase in bone uptake.
Fig. 2. Representative μPET images of DFO-Trastuzumab labeledwith 89Zr either from solid
target (ST) or liquid target (LT). Mice were anesthetized with 2% isoflurane in O2 and
injected with ST: 4.0 MBq or LT: 3.4 MBq, and imaged for ST: 20 min, LT: 24 min at day
1, 3 and 5. Scale bar indicates %ID/g.
Biodistribution data corroborated the PET imaging results. High
tumor uptake expressed as percent of injected dose per gram of tissue
(%ID/g) at day 5 were statistically the same for both groups; ST:
25.22 ± 3.63%ID/g and LT: 21.66 ± 3.90%ID/g (Table 5). No statistical
differences in organs of interest were noticed between the two groups.
Both groups exhibited similar tumor-to-blood or tumor-to-non-target
organ (liver, spleen, kidneys or heart) ratios. Imaging quality and
biodistribution showed no noticeable differences suggesting 89Zr-(LT)
to be a suitable alternative to 89Zr-(ST) for preclinical μPET imaging.

4. Conclusion

Wehave demonstrated production, purification and radiolabeling of
antibodies using 89Zr produced via a LT system. Comparing this with
traditional 89Zr-(ST) production, the radiolabeling of an antibody was
successful with sufficient specific activities for in vivo pre-clinical imag-
ing. Increased irradiation time on a LT system improved the yield pro-
viding the pressure constraints on the target are respected. 89Zr-(LT)
demonstrated higher purification yields and improved radiolabeling
yields over ST produced 89Zr. Reducing the volume of 89Zr-(ST)-oxalate
for radiolabeling resulted in higher and comparable radiochemical
yields to that of LT. One difference between the ST and LT was a higher
radiolabeling yield with the LT solution. Radiolabeling of DFO-
Trastuzumab was successful with both 89Zr-(ST) and 89Zr-(LT), and an
optimal specific activity of radiolabeled Trastuzumab was achieved.
No significant differences were observed in imaging quality or
biodistribution between ST or LT 89Zr-labeled immunoconjugates.
Thus, LT 89Zr shows promise for use in pre-clinical diagnostic imaging
in cyclotron centres with only LT production set up. Further improve-
ment to obtain higher 89Zr production yields and specific activities
after radiolabeling, comparable to the ones obtained with the ST ap-
proach, will be needed to make this production approach more attrac-
tive for larger studies and clinical applications.
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Table 5
Biodistribution data (%ID/g; mean ± SD) 5 days after injection of 89Zr-(ST)-DFO-
Trastuzumab (n = 4) or 89Zr-(LT)-DFO-Trastuzumab (n = 3) in NSG mice bearing
SKOV-3 tumor xenografts.

Tissues 89Zr-(ST)-DFO-Trastuzumab 89Zr-(LT)-DFO-Trastuzumab

Blood 1.51 ± 0.54 2.88 ± 2.01
Fat 0.56 ± 0.31 0.98 ± 0.10
Uterus 20.06 ± 8.46 11.70 ± 2.07
Ovaries 5.83 ± 0.65 6.03 ± 2.43
Intestine 3.26 ± 0.27 2.79 ± 0.52
Stomach 1.90 ± 0.22 2.07 ± 0.30
Spleen 66.74 ± 7.96 52.98 ± 9.50
Liver 8.26 ± 0.21 7.58 ± 0.96
Pancreas 1.06 ± 0.06 1.33 ± 0.29
Adrenals 3.10 ± 0.46 3.47 ± 0.22
Kidney 2.87 ± 0.07 2.53 ± 0.79
Lungs 2.77 ± 0.36 2.81 ± 0.78
Heart 1.22 ± 0.17 1.19 ± 0.43
SKOV-3 tumor 25.22 ± 3.63 21.66 ± 3.90
Muscle 0.57 ± 0.01 0.54 ± 0.13
Bone 12.11 ± 0.99 14.06 ± 0.85
Brain 0.14 ± 0.03 0.16 ± 0.05
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