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The application of radionuclide-labeled biomolecules such as monoclonal antibodies or antibody fragments for
imaging purposes is called immunoscintigraphy. More specifically, when the nuclides used are positron emitters,
such as zirconium-89, the technique is referred to as immuno-PET. Currently, there is an urgent need for radionu-
clides with a half-life which correlates well with the biological kinetics of the biomolecules under question and
which can be attached to the proteins by robust labeling chemistry. 90Nb is a promising candidate for in vivo
immuno-PET, due its half-life of 14.6 h and low β+ energy of Emean = 0.35 MeV per decay. 95Nb on the other
hand, is a convenient alternative for longer-term ex vivo biodistribution studies, due to its longer half-life of
(t½ = 35 days) and its convenient, lower-cost production (reactor-based production).
In this proof-of-principle work, the monoclonal antibody bevacizumab (Avastin®) was labeled with 95/90Nb and
in vitro and in vivo stability was evaluated in normal Swiss mice and in tumor-bearing SCID mice.
Initial ex vivo experiments with 95Nb-bevacizumab showed adequate tumor uptake, however at the same time
high uptake in the liver, spleen and kidneys was observed. In order to investigate whether this behavior is due
to instability of ⁎Nb-bevacizumab or to the creation of other ⁎Nb species in vivo, we performed biodistribution
studies of 95Nb-oxalate, 95Nb-chloride and 95Nb-Df. These potential metabolite species did not show any specific
uptake, apart from bone accumulation for 95Nb-oxalate and 95Nb-chloride, which, interestingly, may serve as an
“indicator” for the release of 90Nb from labeled biomolecules. Concerning the initial uptake of 95Nb-bevacizumab
in non-tumor tissue, biodistribution of a higher specific activity radiolabeled antibody sample did showonly neg-
ligible uptake in the liver, spleen, kidneys or bones. In-vivo imaging of a tumor-bearing SCIDmouse after injection
with 90Nb-bevacizumab was acquired on an experimental small-animal PET camera, and indeed showed locali-
zation of the radiotracer in the tumor area. It is the first time that such results are described in the literature, and
indicates promise of application of 90Nb-labeled antibodies for the purposes of immuno-PET.
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1. Introduction

Targeted imaging of cancer is crucial to modern-day cancer manage-
ment, and radionuclides attached to biomolecules are an exciting strategy
for tumor diagnosis and therapy [1]. An attractive feature, but also the key
challenge of this strategy is to select radionuclides and targeting vehicles
with characteristics which are best suited for a particular application.

Angiogenesis is the development of new blood vessels from pre-
existing ones. Angiogenesis is regulated by chemical signals of the or-
ganism, which function as an “angiogenesis switch”, regulating the for-
mation of new vasculature. Bevacizumab is a humanized monoclonal
antibody (mAb) which binds all VEGF-A isoforms [2]. Currently many
studies focus on labeling of bevacizumab with radionuclides for in vivo
evaluation [3–7]. An important criterion for selecting of radionuclides
for mAb is the half-life of the radionuclide which should favorably cor-
relate to the biological kinetic of large-size biomolecules. Due to the
long circulation of intact antibodies, optimal tumor-to-non tumor ratios
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can be reached from approximately 2 to 5 days post-injection. There-
fore, radionuclides with an appropriate half-life should be chosen.
Positron-emitting radionuclides with long and medium-long half-lives
of interest for PET-imaging with antibodies and antibody fragments
are, for example,89Zr (t1/2 = 78.4 h) [8,9], 64Cu (t1/2 = 12.7 h) [10,11],
86Y (t1/2 = 14.7 h) [12], 76Br (t1/2 = 16.0 h) [13].

Several crucial factors and characteristics apply to radionuclide can-
didates for immuno-PET. Themost important ones are: i) a physical half-
life paralleling the biological half-life of the mAb or antibody fragment;
ii) a high positron branchingwith no orweak accompanying other radi-
ation (β−, γ) to offer high-sensitivity PET imaging while reducing the
radiation burden of the patient; iii) a preferably low β+-energy to
allow for high-resolution PET imaging; and iv) the availability of the ra-
dionuclide, i.e., an efficient production and radiochemical separation
route.

In previous works we have reported a convenient way for produc-
tion of 90Nb–labeled biomolecules and proposed 90Nb as a promising
candidate for application in immuno-PET [14–17]. Its intermediate
half-life of 14.6 h and a high positron branching of 53% may
make 90Nb an ideal candidate for application with antibody fragments,
monoclonal antibodies, drug delivery systems and nanoparticles. More-
over, the chelate desferrioxamine has been identified as an excellent
moiety to label *Nb to proteins [17,18].

In thisworkwe report on the in vitro stability and in vivo behavior of
95/90Nb radiolabeled bevacizumab. Biodistribution studies of 95Nb-oxa-
late, 95Nb-chloride and 95Nb-Dfwere performed in healthymice, to pro-
vide more information on the fate of ⁎Nb-labeled species in vivo.

2. Materials and methods

2.1. Materials

Reagents were purchased from Sigma-Aldrich (Germany) and used
without further purification, unless otherwise stated. Deionized water
(18 MΩ cm−1) and ultra-pure HCl solution were used. No further spe-
cial measures were taken regarding working under strict metal-free
conditions. The mAb Bevacizumab (Avastin®, Roche) directed against
the VEGF-A family of isoforms was bought from Roche Ellas S. A.
(Greece). For the purification of conjugated and labeled antibodies,
PD-10 columns (GE Healthcare Life Science) were applied, for ion ex-
change separation Aminex A27, 15 ± 2 μm and AG1x8, 200–400 mesh
anionic exchange resins and DOWEX50x8, 200–400 mesh (BioRad)
were used. For solid phase extraction, UTEVA® resin (Triskem Int.,
France) was applied.

The production yield, radionuclidic purity, radiochemical purity and
separation yield of 95/90Nb were determined by γ-ray spectroscopy
using an Ortec HPGe detector system and Canberra Genie 2000 soft-
ware. The dead time of the detectorwas always kept below10%. The de-
tector was calibrated for efficiency at all positions with the certified
standard solution QCY48, R6/50/38 (Amersham, UK).

VEGF165-transfected MDA MB 213 cells (M165) were kindly pro-
vided by Cancer Research UK. MDAMB 231 breast cancer cells were in-
fected with virus expressing VEGF 165. The virus was made in Pheonix
cells using the plasmid pLXRSpBMN-IRES-GFP. The VEGF clone is
human. The cells are cultured at safety level I inminimum essentialme-
dium (Eagle)with 2mML-glutamine in the presence of 10% fetal bovine
serum, at 37 °C in a humidified 5% CO2 incubator.

Labeling efficiency and stability of the 95/90Nb labeled mAb was
monitored by instant thin layer chromatography (iTLC) andhigh perfor-
mance liquid chromatography (HPLC). ITLC was performed on chroma-
tography strips (Biodex, NY). As mobile phase, 0.02 M citrate buffer
(pH 5.0) was used. HPLC monitoring was performed on a Waters
HPLC system using a TSKgel G3000SWXL size exclusion column
(TOSOH Bioscience, Germany). As eluent, a mixture of 0.05 M sodium
phosphate and 0.15 M sodium chloride (pH 6.8) solution was used at
a flow rate of 0.8 mL/min.
Formation of 95Nb-Dfwasmeasured via ITLC at conditions described
above.

All numerical data were expressed as the mean of the values ± the
standard error of the mean. Statistical analysis was performed using
the t-test. A p value less than 0.05 was considered statistically
significant.

2.2. Production of 90Nb and 95Nb

90Nb was produced via the 90Zr(p,n)90Nb reaction at the cyclotron
MC32NI of the German Cancer Research Center, Heidelberg. For irradia-
tion, a stack of three disks of natural zirconium (natural abundance:
51.45% 90Zr) foils of 10 mm diameter and a thickness of 0.25 mm each
was used. Irradiation was performed at 20 MeV proton energy and a
current of 5 μA for 1 h. This initial proton energy decreased, by using
an aluminum holder cover of 0.5 mm thickness, to 17.5 MeV while en-
tering the first foil of Zr. Twenty-four hours after end of irradiation
(EOB), production yield and impurities were measured by gamma ray
spectroscopy. The absolute activity of 90Nb was calculated as average
of its two gamma-lines at 141.2 keV (66.8% abundance) and
1129.2 keV (92.7%).

95Nb (t1/2 = 35 days) was employed for the ex vitro biodistribution
experiments. 95Nb was produced via the 94Zr(n, γ) → 95Zr(β−, t1/2 =
64 days) → 95Nb reaction from natural zirconium granules (1–3 mm,
99.8% ChemPur, Germany). Neutron irradiations were performed at
the BR2 reactor at the Belgian Nuclear Research Centre, Belgium and
at BERII reactor at Helmholtz Centre in Berlin, Germany.

The production of the radionuclides 95Zr/95Nb and 90Nb was moni-
tored by gamma ray spectroscopy, via emissions at 724.2 keV (44.2%)
and 756.7 keV (54.0%) for 95Zr, and at 765.8 keV (100%) for 95Nb and
1129 KeV (92%) for 90Nb.

2.3. Separation and purification of n.c.a. 95/90Nb

2.3.1. First separation strategy
The first separation strategy was applied for biodistribution studies

in tumor-bearing mice. The separation procedure was modified follow-
ing the procedure described by Busse et al. [14]. In short, the zirconium
metal target (260±3mg)was transferred into a 50mL vial and 2mL of
water was added. Under ice-cooling, 48% HF (0.63 mL) was added in
small portions. After complete dissolution, 10MHCl (6mL) and saturat-
ed boric acid (3.4 mL) were added. The 95/90Nb fraction was extracted
with 0.02 M N-benzoyl-N-phenylhydroxylamine (BPHA) in CHCl3
(5 mL) by vigorous stirring of the two phases in a 50 mL vial for
20 min. The aqueous phase was additionally washed with CHCl3
(3 mL). The organic phases were combined and washed with a mixture
of 9 M HCl/0.001 M HF (2 mL) and with 9 M HCl (2 mL) and finally ex-
tracted with aqua regia (5 mL).

For a final purification of 95/90Nb from remaining trace amounts of
zirconium, an anionic exchangemethodwas employed. After the afore-
mentioned back extraction, the aqueous phase was evaporated to dry-
ness. The residue was dissolved in a mixture of 0.25 M HCl/
0.1 M oxalic acid (0.5 mL) and adsorbed onto a small Aminex A27
(15± 2 μm) anionic exchange column (20 × 1.5 mm). Elution was per-
formed under slight overpressure of 0.3 bars. After loading, the column
was washed with 10 M HCl (100 μL). Residues of Zr were removed by
washing with a mixture of 9 M HCl/0.001 M HF (200 μL). 95/90Nb was
eluted by a mixture of 6 M HCl/0.01 M oxalic acid (200 μL).

2.3.2. Alternative separation strategy
A second separation strategy was applied to provide a sample of

95Nb with a higher radioactive concentration, for use in consequent
biodistribution studies. Crude separation from the Zr target was applied
following a published protocol [16]. In short, 2 mL of 21 M hydrofluoric
acid containing the irradiated zirconium target was passed through the
cation exchange resin (DOWEX 50 × 8, 100 mg, 200–400 mesh, 10 × 5
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mm) resin in F− form for the removal of colloids, unsolved target parti-
cles and possible trace contamination of 2+ and 3+ chargedmetal cat-
ions, such as for example Cu2+ or Fe3+, from the target holder. The
column was additionally washed with concentrated hydrofluoric acid
(1 mL). The solution (3 mL) which passed through the cation exchange
resin was transferred to an anion exchange column (300 mg, 25 × 5
mm) filled with AG 1 × 8 resin (200–400 mesh) in the F− form. NbV

remained on this resin and the bulk amount of ZrIV passed through.
The column was washed with concentrated HF (4.5 mL) to elute traces
of ZrIV, while ⁎Nb stays on the column.

A small plastic columnwasfilledwith UTEVA resin (150 μm, 100mg,
10 × 5 mm). The aforementioned anion exchange column was directly
connected with the UTEVA column and 7 mL of 0.3 M oxalic acid/7.5
M HCl were passed through both columns.

The UTEVA columnwas next washed with 5MHCl (5mL). Traces of
ZrIV passed through the UTEVA, while ⁎NbV remains absorbed on the
column. For elution of ⁎Nb 0.1 M oxalic acid was applied. The column
was washed with 200 μL and ⁎Nb eluted with another 400 μL of 0.1 M
oxalic acid.

2.4. Preparation of 95Nb-oxalate, 95Nb-chloride, and 95Nb-desferrioxamine
(Df)

95Nb-oxalate (10mM)was prepared by dilution of the aliquot of the
purified 95Nb (5 ± 1 MBq) fraction with saline. 95Nb-chloride was pre-
pared by evaporation of an aliquot (50 μL) of the oxalate fraction obtain-
ed after 95Nb (5 ± 1 MBq) purification and addition of several portions
(3 × 100 μL) of 30% HCl, after which the mixture was the dried again at
100 °C. The resulting preparation was dissolved in saline. For the prep-
aration of 95Nb-Df, 50 mM of Df in saline (1.45 mL) was mixed with
95Nb-oxalate (50 μL) and incubated for 30 min at room temperature.
The formation of 95Nb-Dfwasmonitored by thin layer chromatography.

2.5. Monoclonal antibody modification with Df-Bz-NCS

The labeling of bevacizumabwith 95Nbwas performed after the cou-
pling of desferroxiamine to bevacizumab. Coupling was performed by
use of the novel bifunctional chelator p-isothiocyanatobenzyl-
desferroxiamine B (Df-Bz-NCS) from Macrocyclics (Dallas, USA). In
short, while gently shaking, a threefold molar excess of Df-Bz-NCS (in
25 μL DMSO) was added to the mAb (2–3 mg in 1 mL 0.1 M NaHCO3

buffer, pH 9.0), and incubated for 30min at 37 °C. Non-conjugated che-
late was removed by size-exclusion chromatography using a PD-10 col-
umn and 0.9% sodium chloride (pH 6.5) as the eluent. The number of
chelates per antibody was assumed to be 1.5 according to our previous
work [16] and the report from Perk et al. [18].

2.6. Labeling of bevacizumab with 95/90Nb

Df-Bz-NCS-bevacizumabwas labeledwith 95/90Nb following twodif-
ferent labeling protocols. For the first protocol, to a 95/90Nb solution
(10 ± 2 MBq for 95Nb) in 6 M HCl/0.01 M oxalic acid solution
(200 μL), 6 M NaOH (180 μL) and 1 M NaOH (230 μL) were added.
After 3 min, 0.5 M HEPES buffer (pH 7.0) (390 μL) and Df-Bz-NCS-
mAb (1.5mg/mL) (1.0mL)were added. The total volumeof themixture
was 2 mL.

For the second labeling protocol, a purified 95/90Nb fraction (10 ±
2 MBq for 95Nb) in 0.1 M oxalic acid (20 μL) was mixed with 300 μL of
normal saline and then the mixture was adjusted to pH 6–7 with
0.1 M Na2CO3 (50–60 μL). The modified mAb (300 μg, 2 nmol, 120 μL)
was then added to this mixture and then the volume of the mixture
was adjusted to 1mLwith normal saline. Bothmixtureswere incubated
at room temperature for 60 min. Analysis of product formation was
monitored by ITLC (0.02 M citric acid/MECN, 90/10) at 10, 30 and
60 min and by HPLC at 60 min post-incubation. Finally, 95/90Nb-Df-Bz-
NCS-bevacizumab was purified by using a PD-10 column, with 0.9%
sodium chloride solution as the mobile phase. Fig. 1 schematically rep-
resents Df-modification and ⁎Nb labeling.

2.7. In vitro stability

Stability of 95/90Nb-bevacizumab was studied in two setups, first in
normal saline at room temperature and in fresh human plasma at
37 °C. For preparation of human plasma, human blood was collected
in heparinized polypropylene tubes and centrifuged at 5000 rpm at
4 °C for 5 min. The plasma was collected and three fold excess
(300 μL)was incubatedwith 95/90Nb-Bevacizumab (100 μL) at 37 °C. Al-
iquots of the sample were withdrawn at 60 min, 3 h, 3 days, 5 days and
7 days, and analyzed by ITLC and HPLC.

2.8. Biodistribution studies

All animal experiments were carried out in compliance to European
and Greek regulations. Female athymic SCIDmice (averageweight 20 g,
5weeks) aswell as normal Swissmicewere obtained from the breeding
facilities of the NCSR ‘Demokritos’. The animals were kept under aseptic
conditions until the day of biodistribution.

The SCID mice were inoculated subcutaneously into the right front
leg with M165 cells (1 × 107 cells/animal) in 100 μL fetal bovine
serum-free medium. When tumors reached a size of 0.2 to 1 g (i.e., 10
to 15 days), biodistribution studies were performed. Tumor-bearing
mice were injected via the tail vein with 100 μL of radiotracer
[270 kBq/100 μg or 0.4 TBq/mmol (10.94 Ci/mmol)]. Groups of three
animals were sacrificed at 4, 24, 48 and 168 h after injection of
radiolabeled antibody. TodetermineVEGF-A specificity, an excess of un-
labeled bevacizumab (100-fold) was injected 24 h prior to the injection
of the 95Nb-Df-bevacizumab. Blocking studies were performed at 24
and 48 h p.i.

Biodistribution studies of 95Nb-Df, 95Nb-chloride and 95Nb-oxalate
were performed in healthy mice. Each animal received an injection of
100 μL of radiotracer [300 kBq/~10 μg or 4.5 TBq/mmol (121,56 Ci/
mmol)]. Groups of three animals were sacrificed at 4, 24, 48 and 168 h
after injection of the compounds.

Tumors (in the case of SCID mice), tissues and organs (blood, heart,
liver, stomach, intestines, spleen, muscle, lungs, pancreas, muscle and
bones) were excised, blotted dry and weighed. Samples were counted
in a gamma counter (NaI gamma counter, Packard). Standards were
prepared from the injectedmaterial andwere counted each time simul-
taneously with the tissues excised, allowing for calculations to be
corrected for physical decay of the radioisotope. Radiolabeled antibody
distribution over timewas expressed as injected dose per gram (%ID/g).

2.9. PET imaging studies

PET imagingwas performed on an experimental, small field-of-view
PET camera, designed and assembled by the “Detector and Imaging
Group” of the “Thomas Jefferson National Accelerator Facility, USA, in
collaboration with the Department of Biomedical Engineering of the
Technological Educational Institute of Athens. The high perfor-
mance of the system is achieved by using the very fast LSO crystal
with 2.5 × 2.5 × 15 mm3 pixels, the Hamamatsu H8500 PSPMTs,
fast amplification electronics, an FPGA system and USB 2 data transfer
protocol. Image reconstruction is performed with JAVA in the Kmax en-
vironment. The field of view of the system is 50 × 50mm2, thus it allows
only part of the mouse to be imaged in one position and the spatial res-
olution has been found equal to 3mm in coincidencemode. Static images
were recorded.

Tumor-bearing SCID mice were injected with 200 kBq/100 μg of
90Nb-bevacizumab (0.3 TBq/mmol or 8.1 Ci/mmol) volume 100 μL and
were anesthetized by i.p. injection of 100 μl/10 g mouse body weight
of a cocktail solution of ketamine/xylazine (Imalgene, 100 mg/ml,
Merial, France and Rompun, 20 mg/ml, Bayer, Germany, respectively).



Fig. 1. Df-conjugation of the monoclonal antibody via NCS-Bz-Df and labeling with 95/90Nb (not proven by crystal structure).
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3. Results

3.1. Production of 95/90Nb

3.1.1. 90Nb
The overall irradiation yield of 90Nb for three 1 h and 5 μA irradia-

tionswas 720±50MBq, i.e., 145±10MBq/μAhunder given irradiation
parameters. The radionuclidic purity of 90Nb after EOB was more than
97%. Minor isotopic impurities found were: 92mNb (T1/2 = 10.2
days) = 1.64%, 95Nb (T1/2 = 35.0 days) = 0.08%, 95mNb (T1/2 =
3.6 days) = 0.29% and 96Nb (T1/2 = 23.35 h) = 0.88%. The calculated
theoretical specific activity for 90Nb is 8.9 · 107 GBq/g.

3.1.2. 95Nb
At a neutron flux of 2 · 1014 s−1 · cm−2 (BER II), a 50-day irradiation

of 300 mg target produced more than 1.5 GBq of 95Zr. The maximum
daughter activity of 95Nb generated from 95Zr was obtained at
~67 days, EOB. The calculated theoretical specific activity for 95Nb is
1.4 · 106 GBq/g.

3.2. Separation and purification of no-carrier added 95/90Nb

3.2.1. First separation strategy
The extraction steps provided crude separation of 95/90Nb from the

target material with the organic phase collecting more than 99% of 95/

90Nb. After the back extraction procedure, the 5 mL aqueous phase
contained 90–95% of the 95/90Nb activity. After both extractions this cor-
responds to a high reduction of the Zr target mass by a factor of 104.
Subsequent anionic exchange separation further removes those traces
of Zr. The final separation yield of 95/90Nb was 60–65% and the decon-
tamination factor for Zr/Nbwas ≥107, representing ≤26 ng of Zr present
in the final 95/90Nb fraction. The separation was performed for each ni-
obium isotope separately.

3.2.2. Second separation strategy
The overall separation proceeds with a yield of 93–95% of 95/90Nb,

collected in 400 μL 0.1 M oxalic acid. The whole separation procedure
takes less than one hour, which is almost 4 times faster than the first
separation method. The decontamination after UTEVA purification is 3
× 108. This decontamination factor equals 0.77 ng of zirconium present
in the final fraction for a 260 mg zirconium target.
3.3. Preparation of 95/90Nb-labeled Df-Bz-NCS-mAb

The 90Nb labeling yieldwas N90% (96% ITLC, 95% HPLC) after 1 h. La-
beling kinetics indicate that the labeling yields reached ≥80% already at
15 min and increased to more than 90% after 50 min. After SEC separa-
tion on a PD-10 column, the 90Nb-Df-mAb derivative had 99.0% purity,
cf. Fig. 2. The specific activity of 95/90Nb-bevacizumab labeled with the
95Nb from the first separation strategy was 0.4 TBq/mmol (10.94 Ci/
mmol), while from the alternative separation strategy, the specific ac-
tivity of the radiotracer was 4.5 TBq/mmol (121.56 Ci/mmol).

3.4. In vitro stability

After 3 days of incubation in saline at room temperature, more than
99% (≥99% HPLC, ≥99% ITLC) and after 7 days ≥95% (99% HPLC, 97%
ITLC) of 95/90Nb-Df-Bevacizumab were detected. Stability testing in
fresh human plasma at 37 °C showed only slightly higher product deg-
radation, cf. Fig. 3. After 3 days of incubation ≥94% (97%HPLC, 94% ITLC)
of labeled product was available, while at 7 days ≥86% (89% HPLC, 86%
ITLC) of the product was still intact.

3.5. Biodistribution experiments

3.5.1. Biodistribution of 95Nb-oxalate, 95Nb-chloride and 95Nb-Df in healthy
mice

TLC results showed quantitative formation (≥ 99%) of 95Nb-Df. The
biodistribution of 95Nb-oxalate and 95Nb-chloride showed similar re-
sults, with no specific organ uptake observed (Fig. 4). However, for
95Nb-chloride the uptake in all organs was higher in comparison to
95Nb-oxalate. Themain uptakewas in the blood, lungs and bones. Slight
bone accumulation was measured for both substances. Uptake for liver,
kidneys and spleen was approximately 1% at 24 h p.i. for oxalate and
below 3% for the chloro species. After 168 h p. i. all organs uptakes ex-
cept for bone were below 1% and 2% respectively, for both 95Nb-
oxalate and 95Nb-chloride, apart from the bone uptake, which was
≥2% for the oxalate and ≥4% for the chloride species. 95Nb-Df showed
a very fast clearance from the body (Fig. 5). At 24 h p.i., no single
organ uptake above 0.5% was observed. After 4 h, uptake in kidneys,
stomach and intestines was still detected, while uptake in all other or-
gans was almost negligible. After 168 h p.i. the radiolabeled products
had almost completely cleared from the organism.



Fig. 2. ITLC image of quantification of labeling efficiency for 90Nb-Df-bevacizumab after 60 min of reaction. Stationary phase: paper impregnated chromatography strip, mobile: phase,
0.02 M citrate buffer (pH 5.0).
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3.5.2. Biodistribution of 95Nb-Df-bevacizumab of two different specific
activities in tumor-bearing and healthy mice

Biodistribution of 95Nb-Df-bevacizumab at an injected dose of
270 kBq/100 μg/mouse (0.4 TBq/mmol or 10.94 Ci/mmol) showed a
relatively low accumulation in the tumor (≤3%) at 24 h p.i., which de-
creased in time (Fig. 5). On the other hand, high accumulation in the
liver (N30%), spleen (N10%) and kidneys (N 5%)was detected. Indicative
blocking studies performed at two time-points (24 and 48 h p.i.)
showed that VEGF was significantly blocked when an excess amount
of bevacizumab (100-fold) was injected 24 h prior to the injection of
the radiotracer, thus showing the specificity of 95Nb-bevacizumab bind-
ing to the VEGF-positive tumor (24 h p.i.: 2.77 ± 1.07%ID/g vs 1.07 ±
0.37%ID/g, p b 0.01; 48 h p.i.: 1.57 ± 0.57%ID/g vs 0.62 ± 0.29%ID/g,
p b 0.03).

To prove that the previous biodistribution data, i.e., high liver, lung
and spleen uptake, were a consequence of the antibody concentration,
i.e., the specific activity of the 95Nb-Df-bevacizumab batch injected
and not of the instability of the labeled product, another biodistribution
study was conducted, where normal Swiss mice were injected with a
higher specific activity product [4.5 TBq/mmol (121.56 Ci/mmol)].

The results presented in Fig. 6 show a different kinetic behavior for
the higher specific activity of 95Nb-Df-bevacizumab. Significantly less
uptake in the liver (3.32 ± 0.28% ID/g vs 33.33 ± 4.83% ID/g,
p b 0.0002), as well as in the spleen (2.24 ± 0.29% ID/g vs 12.47 ±
90
Nb-Df-mAb

90
Nb

Fig. 3. ITLC image (right) and HPLC chromatogram (left) of in vitro stability 90Nb-Df-bevacizum
chromatography strip mobile: phase, 0.02 M citrate buffer (pH 5.0), HPLC: Waters HPLC system
uent, a mixture of 0.05 M sodium phosphate and 0.15 M sodium chloride solution (pH 6.8) wa
3.70% ID/g, p b 0.004) was observed at 24 h p.i. for the higher-specific-
activity radiotracer, which further rapidly decreased over time. After
168 h, the uptake in these organs was less than 2%. On the other hand,
a much higher initial uptake in blood (13.02 ± 1.13% ID/g vs 1.68 ±
0.44% ID/g, p b 0.00004) and lungs (5.96 ± 0.12% ID/g vs 1.43 ± 0.95%
ID/g, p b 0.0006) was detected. At 168 h p.i., the uptake in these organs
is significantly decreased as well (6.96 ± 1.53% ID/g vs 13.02 ± 1.13%
ID/g, p b 0.003 and 2.70 ± 0.82% ID/g vs 5.96 ± 0.12% ID/g, p b 0.001
for blood and lung at 168 h and 24 h p.i., respectively). Significant tracer
uptakewas observed in the heart, which can be attributed to high blood
uptake levels. A constant bone uptake (approx. 2% ID/g) was observed
over the range of 4 to 168 h, thus allowing us to conclude that no release
of 95Nb from the labeled monoclonal antibody occurs.
3.5.2.1. PET imaging of 95Nb-Df-bevacizumab in tumor-bearingmice. Static
PET imagingwas performed on an experimental small animal PET cam-
era (Fig. 7). Due to the low specific activity of 90Nb-Df-bevacizumab, a
single PET image only was obtained at 4 h post-injection. However,
even at this early time-point, the tumor is clearly delineated, while
there is noticeable accumulation of the radiotracer in the heart, liver
and lung areas, as is expected from the 95Nb-Df-bevacizumab
biodistribution results at 4 h p.i. These data provide the first image of
a 90Nb-labeled monoclonal antibody described in literature.
-Df,
90

Nb

90
Nb-Df,

90
Nb

90
Nb-Df-mAb

ab after 7 days in saline at room temperature. ITLC: Stationary phase: paper impregnated
using a TSKgel G3000SWXL size exclusion column (TOSOH Bioscience, Germany). As el-

s used at a flow rate of 0.8 mL/min.

Image of Fig. 2
Image of Fig. 3


95Nb-Chloride

Fig. 4. Biodistribution of 95Nb-oxalate, 95Nb-chloride and 95Nb-Df in healthy mice.
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4. Discussion

The radiolabeled monoclonal antibody 95Nb-Df-bevacizumabwith a
maximal specific activity of 0.4 TBq/mmol (10.94 Ci/mmol)was synthe-
sized during the first separation strategy which is described herein. Our
alternative separation strategy provided more than 10 times higher
Fig. 5. Biodistribution of low specific activity 0.4 TBq/mmol (10.9
specific activity [4.5 TBq/mmol (121,56 Ci/mmol)] for 95Nb and even
higher for 90Nb (~45 TBq/mmol (1216 Ci/mmol).

This study aimed at first evaluations of a 90Nb-labeled monoclonal
antibody. While both isotope production and labeling appear to be
established, the data on the in vitro stability of the proof-of-principle
95Nb-Df-bevacizumab have been obtained for the first time. It can be
4 Ci/mmol) of 95Nb-Df-bevacizumab in tumor-bearing mice.



Fig. 6. Biodistribution of high specific activity 4.5 TBq/mmol (121.56 mCi/mmol) of 95Nb-Df-bevacizumab in normal Swiss mice.
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concluded, that the Df-mediated label is stable in vitro. In vivo experi-
ments showed the same result, where 90Nb-data in vivo match 95Nb-
data from in vitro studies.

However, the pharmacology of the two radiotracers clearly
depended on the specific activity of the 90Nb-labeled monoclonal anti-
body, revealing significant accumulation in non-tumor organs.

Consequently, the separation chemistry of radioniobium from both
nuclear reactor (95Nb) and cyclotron (90Nb) irradiated zirconium tar-
gets was improved. This allowed the synthesis of ⁎Nb-Df-bevacizumab
batches of significantly increased specific activity, which is comparable
to the specific activity of bevacizumab radiolabeledwith other isotopes,
as shown by various groups [e.g. Nagengast et al. [3] reported specific
activities of 8.7 TBq/mmol (235.14 Ci/mmol) and 7.5 TBq/mmol
(202.7 Ci/mmol) for 89Zr-bevacizumab and 111In-bevacizumab, respec-
tively, while Paudyal et al. [4] acquired specific activities of 0.38–0.6
TBq/mmol (10.2–16.2 Ci/mmol) for 64Cu-bevacizumab].

Biodistribution of 100 μg of bevacizumab with our lower specific ac-
tivity of 95Nb-Df-bevacizumab (0.4 TBq/mmol) showed adequate tumor
uptake (3%), with tumor-to-blood ratios of 1.65 and 3.64 at 24 and 168 h
p.i. respectively, which are comparable to the results of Nagengast et al.,
for 89Zr-bevacizumab (T/B ratios of 0.51 and 1.86 at 24 and 168 h p.i. re-
spectively), and other groups [3,4]. The significant differencewhichwas
observed was the unusually high uptake in liver, spleen and kidneys at
24 h p.i. The first image of a 90Nb-labeled antibodywas also acquired on
an experimental small animal PET camera, which was in good
Tumor

Fig. 7. Static PET imaging 4 h p.i. of 90Nb-Df-bevacizumab. Themouse was injectedwith 200 kBq
10 g mouse body weight of a cocktail solution of ketamine/xylazine.
agreement to our ex vivo biodistribution studies, i.e., even though the
acquired images need refining, satisfactory tumor and enhanced liver
uptake can be observed.

To prove that liver and spleen uptake is the result of low specific ac-
tivity radiolabeled antibody, an in vivo evaluation of 95Nb-oxalate, 95Nb-
chloride and 95Nb-Df was initially conducted. These compounds can be
formed by destruction of the labeled product. Biodistribution of these
compounds in healthymice did not show specific uptake in any organs.
The concentration of 95Nb-chloride and 95Nb-oxalate in the blood
remained high up to 24 h p.i., which can probably be attributed to the
formation ofmetal complexeswith plasma proteins [19,20]. A relatively
high uptake in the heart and lung, both highly-vascularized organs, is
also observed up to 24 h p.i. This activity was rapidly cleared in favor
of uptake in the bone. The bone uptake for both 95Nb-chloride and
95Nb-oxalate demonstrates the high affinity of Nb(V) to phosphonate,
which is so strong that, in the case of 95Nb-oxalate it shows a slow but
steady increase in percentage of bone uptake, while for 95Nb-chloride
a small decrease in bone uptake is observed. 95Nb-Df was immediately
cleared from the system, without any sign of bone uptake.

The final step in this work was to evaluate a higher specific activity
sample of 95Nb-bevacizumab in healthy mice. These results showed
pronounced uptake in the blood, heart and lungs, which diminished at
24 h p.i., while uptake in the liver, spleen and kidneys, as well as in
bone, was low. These data clearly prove the high in vivo stability of
Nb-Df-conjugated biomolecules.
Liver

/100 μg of 90Nb-bevacizumab (volume 100 μL) and anesthetized by i.p. injection of 100 μl/

Image of Fig. 6
Image of Fig. 7
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5. Conclusions

The obtained results provide a very important proof of stability of 95/
90Nb labeled biomolecules in vivo. The radiolabeled monoclonal anti-
body 95Nb-Df-bevacizumab with a relatively high specific activity (4.5
TBq/mmol (121.56 Ci/mmol) was obtained, which allowed us to con-
duct biodistribution studies upon injection of a low concentration of
bevacizumab (~10 μg/100 μl). The continuation of this project is well-
justified, as our results show that there is great promise for the applica-
tion of 90Nb in immuno-PET.
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