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Abstract: Due to the advent of various biologics like antibodies, proteins, cells, viruses, and extracellular vesicles
as biomarkers for disease diagnosis, progression, and as therapeutics, there exists a need to have a simple and
ready to use radiolabeling synthon to enable noninvasive imaging trafficking studies. Previously, we reported [89Zr]
zirconium-p-isothiocyanatobenzyl-desferrioxamine ([#°Zr]Zr-DBN) as a synthon for the radiolabeling of biologics to
allow PET imaging of cell trafficking. In this study, we focused on improving the molar activity (A ) of [89Zr1Zr-DBN,
by enhancing 8°Zr production on a low-energy cyclotron and developing a new reverse phase HPLC method to purify
[89Zr]Zr-DBN. To enhance 8°Zr production, a new solid target was designed, and production yield was optimized by
varying, thickness of yttrium foil, beam current, irradiation duration and proton beam energy. After optimization,
4.78+0.33 GBq (129.3+8.9 mCi) of 8Zr was produced at 40 pyA for 180 min (3 h) proton irradiation decay corrected
to the end of bombardment with a saturation yield of 4.56+£0.31 MBq/pA. Additionally, after reverse phase HPLC
purification the molar activity of [#°Zr]Zr-DBN was found to be in 165-316 GBq/umol range. The high molar activity
of [°Zr]Zr-DBN also allowed radiolabeling of low concentration of proteins in relatively higher yield. The stability of
[89Zr]Zr-DBN was measured over time with and without the presence of ascorbic acid. The newly designed solid
target assembly and HPLC method of [8°Zr]Zr-DBN purification can be adopted in the routine production of 8Zr and
[89Zr]Zr-DBN, respectively.
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Introduction biologics/macromolecules post-conjugation to
enable efficient radiolabeling with 8Zr [6-13].
The molar activity (A ) of the final radiolabeled
biologic/macromolecule depends on the initial

starting radioactivity, molar activity of the 8%Zr,

89Zr has emerged as a preferred positron
emission tomography (PET) isotope for the
radiolabeling of various antibodies, viruses,

cells, exosomes, extracellular vesicles (EVs)
and nanoparticles (NPs) due to its long half-life
(78.4 h) and suitable PET imaging characteris-
tics (B*,,,, 0-9 MeV, 22.7%) [1-4]. To provide a
stable labeling strategy, the macromolecules
are normally covalently conjugated with a suit-
able chelator by using primary amines, hydrox-
yls or carboxylic groups present on the mole-
cules [5]. During the conjugation reaction,
appropriately functionalized (activated esters,
isothiocyanates, reactive ketones and other
easily reactive functional groups) chelators are
used in excess (typically 3-6 fold) as compared
to the biologics/macromolecules to ensure
adequate availability of the chelators on the

radiolabeling yield and amount (mmol or mg) of
the biologics/macromolecules present in the
final formulation. To achieve high molar activity
(A,), a high concentration of #9Zr radioactivity
(MBqg/uL) is needed, so that only a small mass
(ug or ng range) of biologics/macromolecules
can be used for an efficient radiolabeling, oth-
erwise more mass of the biologics/macromole-
cules will be needed to compensate for the dilu-
tion caused by the higher volume of radioactiv-
ity. The production of 89Zr from the cyclotron
has been well documented using both liquid
targets and solid targets [8-10, 13]. Among the
various reported methods of 89Zr production
from solid targets, yttrium foil, yttrium-sputter-
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Table 1. Estimation of effective beam energy
at different thickness of degrader foil (alumi-
num) using TRIM program

Aluminum (Al Effective Thickness Degraded

. mm) with - ner

thickness (mm) ( deg)reetta?gi? TM(Z\%)}/
oA 0.2 15.2
0.2 0.4 139
0.3 0.6 12.3

ing, yttrium-pellet and yttrium deposition are
commonly known [8, 11, 12]. In this study, we
aimed to improve the radiolabeling yield of &Zr
labeled biologics/macromolecules by design-
ing a new solid target for increasing the produc-
tion levels of 8Zr using yttrium-foil on a low-
energy cyclotron and by developing a new
method of purification of [89Zr]zirconium-p-
isothiocyanatobenzyl-desferrioxamine ([8°Zr]Zr-
DBN [2, 3]) as a ready to use radiolabeling syn-
thon for the direct radiolabeling of the biolog-
ics/macromolecules with a high molar activity
[89Zr]Zr-DBN.

Materials and methods
Targetry details

A PETtrace cyclotron (GE HealthCare, Wauke-
sha, WI) was used in this study. To perform
Zr-89 production, an Advanced Cyclotron
Systems Inc. (ACSI) target holder was used and
placed after the switching magnet at a 30
degree angle with respect to beamline on a
PETtrace cyclotron; the proton beam energy
was degraded using 0.1, 0.2, and 0.3 mm alu-
minum foils to ~15.2, 13.9 and 12.3 MeYV,
respectively, as estimated from TRIM program
(Table 1). A new target assembly was designed
(Figure 1) to simply accommodate degrader foil
(@luminum foil), target foil (Yttrium foil), and
back plate (aluminum plate, 2.0 mm) with water
cooling at the back plate and helium cooling to
the front. Variable thickness (0.1 mm and
0.127 mm) of yttrium foils were purchased
from the Alfa-Aesar (50x50 mm, 99.9%)
Haverhill, MA, USA.

Chemicals

The trace metal grade concentrated nitric acid
(67-70% as HNO,) and hydrochloric acid (34-
37% as HCI) were purchased from the Fisher
Chemicals part of the Thermo Fisher Scientific
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(Waltham MA). Sodium bicarbonate, acetoni-
trile (HPLC grade) and trifluoroacetic acid (TFA,
99%) were purchased from Sigma-Aldrich (St.
Louis, MO). The hydroxamate resin was synthe-
sized in-house as previously described by the
Pandey et al. [10]. The i-TLC paper was pur-
chased from Agilent Technologies (Palo Alto,
CA). The labeling precursor p-SCN-Bn-Deferox-
amine (B-705, >94%) was purchased from
Macrocyclics, Plano, TX. Deionized water was
obtained from Barnstead Nanopure water puri-
fication system from Thermo Fisher Scientific,
Waltham, MA.

Instrumentation

The radioactive samples were counted using a
Wizard 2480 gamma counter (Perkin Elmer,
Waltham, MA). Radionuclidic purity was evalu-
ated using a high-purity germanium gamma
spectrometer (Canberra, Meriden, CT) running
Genie 2000 software. The radioactivity read-
ings were recorded using a CRC dose calibrator
(489 setting for 8Zr and 465 for 8Y, CRC-
55tPET, Capintec, Ramsey, NJ).

Purification of cyclotron produced 8Zr and ra-
diosynthesis of [8°Zr]Zr-DBN

The cyclotron produced #Zr was purified follow-
ing previously reported methods [8-10]. The
purified [8°Zr]Zr-oxalate was converted to [°Zr]
Zr-chloride using anion exchange column
Chromafix 30-PS-HCO, SPE 45 mg cartridge
(Macherey-Nagel, Duren, Germany) following
Larenkov et al’s method [14]. The cartridge
was activated with a 6.0 mL acetonitrile fol-
lowed by 10 mL saline and 10 mL deionized
water wash with air drying steps in between
each solvent. The 8%Zr was trapped on an acti-
vated Chromafix 30-PS-HCO, SPE (45 mg) car-
tridge and oxalate was removed with 50 mL
deionized water. Finally, 8Zr was eluted as [89Zr]
Zr-chloride with 0.5 mL 1 N HCl in a 97.4+1.1
(n=10) elution efficiency. The eluted [#9Zr]
Zr-chloride was then dried using a concentrator
(Savant™ SpeedVac™ High Capacity Concen-
trator, Thermo Fisher Scientific Inc., Logan, UT)
at 0.42torrand 65°C. The dried [#°Zr]Zr-chloride
was resuspended in ~180 uL of 0.1 N HCI and
then neutralized to pH ~8.0 with ~18 yL 1 M
Na,CO,. To this, 2.5 mM DFO-Bz-NCS in DMSO
(Macrocylics, Plano TX) was added to give a
final concentration of ~54 uM DFO-Bz-NCS,
and chelation of 87Zr proceeded at 37°C for
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~30 min in a thermomixer at 550 rpm. The che-
lation efficiency was determined by silica gel
iTLC (Agilent Technologies Inc., Santa Clara, CA)
with 100 mM DTPA pH 7 as the mobile phase.
[%9Zr]Zr-DBN showed an R.=0, whereas [*°Zr]
Zr-chloride had an R =0.9 (Figure S1).

HPLC purification of [3°Zr]Zr-DBN

The [®°Zr]Zr-DBN reaction mixture was diluted
to ~1.0 mL with deionized water (neutralized
with sodium carbonate to final pH 7.0) before
HPLC purification. The purification was per-
formed at room temperature using a reverse
phase Agilent Zorbax 300-SB-C-18 (5 um;
9.4x250 mm) column (Agilent Technologies
Inc., Santa Clara, CA) and 1.0 mL injection loop
size. The gradient elution was performed with
solvent A (deionized H,0 +0.1% TFA) and sol-
vent B (Acetonitrile +0.1% TFA). The flow rate
was set at 1.8 mL/min and absorbance was set
at 220 nm. The purification was performed
using 0-5 min (static 5% solvent B), 5-10 min
(gradient, 5-34% solvent B), 10-95 min (gradi-
ent, 34-41.5% solvent B), 95-100 min (gradi-
ent, 41.5-85% solvent B), 100-110 min (gradi-
ent, 85-5% solvent B) and 110-115 min (static,
5% solvent B) gradient program. The total sepa-
ration time was ~35 min. Blank runs were per-
formed in between the sample injections. Con-
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centration of nonradioactive (UV) Zr-DBN was
estimated using a calibration curve (Figure S2).

Radiolabeling of antibody with purified [8°Zr]
Zr-DBN

The purified [8°Zr]Zr-DBN (~7.2 mL) was collect-
ed at the appropriate retention time in a glass
test tube and dried using the concentrator at
0.42 torr and at room temperature. For radiola-
beling of an example antibody, different con-
centrations (0.1, 0.5 and 1.0 mg/mL) of human
IgG were prepared in phosphate buffered saline
(PBS) from a stock solution (~10 mg/mL) of
ChromPure Human 1gG, whole molecule (Jack-
son Immuno Research Inc., West Grove, PA).
The pH of the different human IgG solutions
was adjusted to pH 9.0 using appropriate vol-
umes of 0.5 M Na,CO,. Immediately after
adjusting the pH, 200 pL of pH adjusted human
IgG solution was added to ~3.7 MBq of [5°Zr]
Zr-DBN. The final pH was adjusted with addi-
tional volumes of 0.5 M Na,CO, to achieve a pH
of 9.0. The IgG radiolabeling reaction was per-
formed at 37°C for ~30 min in a thermomixer at
550 rpm. After 30 min of reaction, the extent of
radiolabeling was quantified using silica gel
iTLC (Agilent Technologies Inc., Santa Clara, CA,
USA) with 20 mM citric acid (pH 4.9-5.1): meth-
anol (1:1, V:V) as the mobile phase. On iTLC,
the [#9Zr]Zr-DBN-IgG showed an R =0.0, where-
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as [89Zr]Zr-chloride and [#°Zr]Zr-DBN had an
R.=0.99 (Figures S3, S4 and S5).

Stability of purified [8°Zr]Zr-DBN

The purified and concentrated [#°Zr]Zr-DBN was
stored at -20°C and stability was tested at O h,
24 h and 72 h post HPLC purification and con-
centration in comparison with unpurified [#9Zr]
Zr-DBN which was also stored at -20°C. To
test the stability, the frozen [#°Zr]Zr-DBN was
allowed to come to room temperature and
reconstituted with ~100 yL DMSO. The recon-
stituted [89Zr]Zr-DBN (~3.7 MBq) was diluted
with ~900 uL neutralized deionized water (pH
7.0) and pH was further adjusted to pH 7.0
using 1 M Na,CO,. The stability of reconstituted
and neutralized [#°Zr]Zr-DBN was tested using
the same HPLC method that was used for [89Zr]
Zr-DBN purification.

Effect of ascorbic acid on stability of purified
[8%Zr]Zr-DBN

The HPLC purified [#°Zr]Zr-DBN (~7.2 mL) was
divided into two equal parts of ~3.6 mL each. In
one-part, 25 yL of 200 mg/mL ascorbic acid
(Sigma Aldrich, St. Louis, MO) was added. Both
ascorbic acid treated, and untreated fractions
were concentrated at 0.42 torr and room tem-
perature. The concentrated solutions were
stored at -20°C and stability was tested at O h,
24 h and 48 h using the same HPLC method
used for [89Zr]Zr-DBN purification.

Measurement of trace metal impurity and ra-
dionuclidic impurities

The presence of various (Y, Fe, Al) trace metals
in the purified samples were analyzed using
inductively coupled Plasma spectrometer using
PerkinElmer Elan or PerkinElmer NexION 350D
ICP-MS spectrometers (Waltham MA) equipp-
ed with Elemental Scientific Inc. (ESI) SC2-DX
autosamplers (Omaha NE). The mass spec-
trometers were equipped with ESI microflow
PFA-ST nebulizers and quartz cyclonic spray
chambers including a baffle. Radionuclidic puri-
ty was measured via high purity germanium
gamma spectrometer (HPGe). Purified [89Zr]
Zr-oxalate samples were counted in a dose cali-
brator (at Zr-89 setting, 489) and analyzed by
HPGe, at different time points over the period
of 3-4 months from the day of purification to
estimate the presence of 8Zr (T, 83.4 days)
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due to possible 8Y(p, 2n)88Zr reaction and its
daughter radionuclide 88Y (T,,, 106.6 days) in
the final formulation (Eigure S6A-C). Using the
manufacturer’s ionization response versus ga-
mma energy of the dose calibrator (Capintec/
Mirion, Florham Park, NJ), the radioactivities of
887Zr and 88Y were estimated at time of measure-
ment, and decay corrected to estimate 88Zr pro-
duced at EOB.

Statistical analysis

All values are given as mean % standard
deviation. Statistical significance of differences
was determined by two-tailed student’s T-test.
P values <0.05 were considered statistically
significant.

Results and discussion

New target design and production of 8Zr from
cyclotron using solid target

To enhance our cyclotron production of capabil-
ity of 8Zr, we switched our production method
from liquid target to solid target [9, 10]. For the
simplicity of 8Zr production, we chose to use a
yttrium foil as a target material. In this new tar-
get design, there are three major components,
(i) aluminum degrader (0.2 mm) to degrade the
proton-beam to ~13.9 MeYV, (ii) aluminum back
plate (2.0 mm) for housing yttrium foils and
water cooling and (iii) two yttrium foils (0.1 mm
each) stacked on each other. On the back plate,
there is an oval shaped recess to house two
yttrium foils (0.1 mm each). In addition, the
back-aluminum plate also has grooves on both
the sides to allow the front aluminum degrader
foil to slide in to complete the intact target
assembly (Figure 1). The “L” shape of the back-
aluminum plate was deliberately designed to
allow space to hold and separate it from the
degrader foil after irradiation. After designing a
prototype target assembly, we noticed a very
small amount of paper glue is needed outside
the beam strike area to adhere both the yttrium
foils together along with the back plate. The
amount of glue did not impede separation of
the yttrium foils after irradiation. To optimize
897Zr production yield, we tested various thick-
nesses of yttrium foil (0.1-0.25 mm), different
beam current (25-40 yA) and different irradia-
tion durations (120-180 min). The optimized
production yields are listed in Table 2. We
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Table 2. Optimized cyclotron production of 8Zr using a new target design

Beam current (uA) Irradiatign time 'Yttrium foil Correct?d yie!d at Corrected yield at  Saturation yield
(min) thickness (mm) EOB" (mCi) EOB (MBq) (GBqg/pA)
25-30 (n=6) 120 0.1 27.1+7.8 1001+288 2.07+0.60
40 (n=8) 120 0.25 91.8+16.8 33961620 4.84+0.88
40 (n=19) 180 0.2 129.+8.9 47841330 4.56+0.31

“EOB: End of bombardment.

Table 3. Comparison of 8Zr production yield at different proton beam energies and associated copro-
duction of 8Zr (88Zr decayed to 58Y)

Beam Aluminum Beam Irradiation Yttrium foil Corrected  Corrected Saturation
Energy degrader foil current time (min) thickness yield at yield at yield % of 88Zr (88Y)
(MeV) thickness (mm) (uA) (mm) EOB" (mCi) EOB (GBq) (GBqg/uA)
15.2 0.1 40 (n=19) 180 0.2 129.0+8.9 4.78+0.33 4.56+0.31 0.014+0.006

13.9 0.2 38 (n=3) 180 0.2 78.615.5 2.91+0.20 2.93+0.21 negligible and
unquantifiable

12.3 0.3 38 (n=3) 180 0.2 56.3+2.0 2.08+0.07 2.09+0.07 None

“EOB: End of bombardment.

Table 4. Analysis of metal ions in purified 8Zr using ICP-MS

Metal ions Y

Al Fe

Quantity (ug/mL) = SD 0.38+0.52 (n=19)

0.07+0.06 (n=18) 0.07+0.08 (n=17)

noticed an expected 2.33-fold improvement
in saturation yield from 2.07+0.60 MBq/uA to
4.84+0.88 MBq/pA on changing yttrium foil
thickness from 0.1 mm to 0.25 mm along with
beam current from 25-30 pAto 40 pAfora 120
min proton irradiation. To reduce overall yttrium
content in our final solution, the 8Zr production
yield was optimized with 0.2 mm thick yttrium
foil (two foils of 0.1 mm thickness) at 40 pA
beam current for 180 min of irradiation. During
this optimization, we found a saturation yield
of 4.56+0.31 MBqg/pA with radioactivity of
4.78+0.33 GBq (129.3+8.9 mCi) of 8%Zr, decay
corrected to end of the beam. We also pro-
duced 8Zr at 13.9 and 12.3 MeV proton beam
energies. The production yields and radionu-
clide purity of 8Zr were compared at different
proton energies in Table 3. It is important to
mention that when irradiation was performed
on same 0.2 mm thick yttrium foil for 180 min
at 15.2 MeV proton energy, we found >2-fold
and 1.5-fold higher saturation yield compared
to when it was performed at 12.3 MeV and
13.9 MeV, respectively, However, we reduced
the beam current from 40 pA to 38 pyA as a pre-
caution to avoid any potential issue associated
with thicker (0.2 mm and 0.3 mm Al) degrader
foil. Following previously developed methods,
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irradiated yttrium foil was dissolved slowly in 2
mL of 6 N HNO, at room temperature. After
complete dissolution, the solution was diluted
with 7 mL of deionized water and loaded slowly
onto the hydroxamate resin (100 mg) column.
After loading, the hydroxamate resin was wa-
shed with 20 mL of 2 N HCI to remove trace
quantities of yttrium salt followed by 10 mL of
deionized water to remove any leftover acid
before eluting 8Zr with 3.0 mL of 1M oxalic
acid.

The purified 89Zr solution was analyzed for the
presence of trace quantities of Y, Zr, Fe and Al
using ICP-MS and results are summarized in
Table 4 with no unexpected levels of any of
tested metal ions. In addition to metal ion
impurity, we also tested the radionuclidic purity
using HPGe for the presence of %Zr or its
daughter nuclei #8Y. As previously reported [15],
higher beam energy (>13.1 MeV) allows (p,2n)
reaction and produces small quantity of #Zr.
Based on our analysis, we found 0.014+0.006%
(n=5) of total non &°Zr related radioactivity as
a radionuclidic impurity at end of purification,
which includes both #Zr due to potential (p,2n)
reaction and &Y (T,,, 106.6 days) the daughter
nuclei of Zr (T, . 83.4 days) (Table 3).

1/2
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Figure 2. Comparison of HPLC traces of unpurified and purified [3°Zr]Zr-DBN.

Radiosynthesis and HPLC purification of [°Zr]
Zr-DBN

The [#°Zr]Zr-DBN was synthesized as reported
previously by reacting [8°Zr]Zr-chloride (neutral-
ized to pH ~8.0) and 10.69 nmoles of DFO-Bz-
NCS in DMSO at 37°C for ~30 min. The per-
centage of radiolabeling was determined by sil-
ica gel iTLC using 100 mM DTPA (pH 7) as the
mobile phase. Based on iTLC, radiolabeling
yield was found to be >95%. In previous stud-
ies, we used unpurified [8°Zr]Zr-DBN for labeling
of various biologics (proteins, cells, viruses,
EVs etc) but noticed some biologics (having low
protein concentration) were more sensitive
and gave poor radiolabeling yield with unpuri-
fied [®9Zr]Zr-DBN. Therefore, in this study, we
attempted to purify [®°Zr]Zr-DBN to remove
unlabeled p-SCN-Bn-deferoxamine (DBN) and
also to increase molar activity (A ) of [¥9Zr]
Zr-DBN to enhance radiolabeling yield of biolog-
ics having low protein concentration with the
purified [8°Zr]Zr-DBN. To purify [89Zr]Zr-DBN, ini-
tially, we attempted various solid phase car-
tridges to separate [#°Zr]Zr-DBN with DBN but in
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vain. We evaluated reverse phase HPLC (Zorbax
300-SB-C-18, 5 ym; 9.4x250 mm) to separate
[89Zr]Zr-DBN with DBN, and after trying various
solvents and their combinations, we finally set-
tled on a gradient elution method, which was
comprised of solvent A (deionized water with
0.1% TFA) and solvent B (Acetonitrile with 0.1%
TFA) with a flow rate of 1.8 mL/min as described
in method section. Using this newly developed
HPLC method, we successfully separated [5°Zr]
Zr-DBN with DBN (Figure 2). The unlabeled DBN
eluted at the retention time of 33.5 min, where-
as labeled [®°Zr]Zr-DBN eluted at 27.1 min,
showing good separation. The [3°Zr]Zr-DBN was
collected and concentrated (SpeedVac) to re-
move acetonitrile and trifluoracetic acid before
using it for the radiolabeling of the antibody/
protein (IgG). The molar activities of purified
and unpurified [3°Zr]Zr-DBN were measured
and presented in Table 5. It is important to
mention here that the same concentration of
(mg/mL) of labeling protein (IgG), starting radio-
activity (mCi or MBq) of [®9Zr]Zr-DBN and same
labeling conditions (pH, temperature and reac-
tion time) were used to radiolabel protein (IgG)
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Table 5. Comparison of radiolabeling yield of protein (IgG) with molar activity (A ) of purified and
unpurified [8°Zr]Zr-DBN

Average fold  Average fold change

Molar activity % Radiolabeling Molar activity % Radiolabeling change in in radiolabeling

Protein of unpurified yield of protein (IgG) of purified [3°Zr]  yield of protein o . .
concentration [Zr]ZrDBN  With unpurified Zr-DBN (1G) with purified OTOLar:ﬁ""ezt'Z:zr y'fJi?hOfE:icf’it:énogif)
(mg/mL) (GBg/umol) [8°Zr1Zr-DBN (GBg/umol) [8°Zr]Zr-DBN P P

ifi 89 ifi 89
Average + SD Average + SD Average + SD Average + SD unpurified [*2r] unpurified [*Zr]

Zr-DBN Zr-DBN
0.1 (n=4) 20.62+3.99 3.85+1.23 165.67+133.44  10.54+3.06" 8.0 2.7
0.5 (n=2) 24.98 11.91+0.06 316.31 28.18+0.31" 12.7 2.4
1.0 (n=3) 22.36+37.00 26.43+0.61 189.30+179.61  36.76+0.03" 8.4 1.4
“P value <0.05 with respect to unpurified [8°Zr]Zr-DBN.
40 - o Purified [FZr]2r-DEN we independently copfirmed
o 35 A Unpurified [*Zr]Zr-DBN ¢ the R/’s of [*Zr]zr-chloride and
o [89Zr]Zr-DBN to be 0.99 (sol-
En 30 . vent front) and 0.0 (origin) for
53 54 i radiolabeled IgG protein ([8°Zr]
é 3 20 | Zr-DBN-IgG, Figures S3, S4
&< and S5). The purified [39Zr]
I 15 Zr-DBN gave 2.7 fold higher
£ 104 A radiolabeling yield than unpuri-
o fied [8°Zr]Zr-DBN at 0.1 mg/mL
> concentration of protein (IgG),
0 T T T . . . T T . T ) and a similar trend of 2.4 fold
0 01 02 03 04 05 06 07 08 09 1 11 higher radiolabeling yield was
Protein concentration - IgG (mg/mL) noted for 0.5 mg/mL concen-

tration of IgG protein (IgG)
(Table 5; Figure 3). However,
we noticed a lower impact of
HPLC purification of [®9Zr]Zr-

Figure 3. Comparison of radiolabeling yield of antibody (IgG) with purified
and unpurified [8°Zr]Zr-DBN as a function of protein (IgG) concentration.

with both purified and unpurified [8°Zr]Zr-DBN. DBN on radiolabeling yield for 1.0 mg/mL con-
To avoid any potential confound from the start- centration of IgG protein (1.4 fold higher yield
ing 89Zr, we always used same batch of cyclo- with purified [**Zr]Zr-DBN) (Table 5). These data
tron produced and purified 8°Zr for the synthe- suggest that the beneficial effect of purification
sis of [9Zr]Zr-DBN and antibody labeling experi- of [*Zr]Zr-DBN on labeling yield is dependent
ments with or without the [#°Zr]Zr-DBN HPLC on protein concentration with more benefit for
purification step. labeling of biologics having low protein concen-

trations (Figure 3).

Radiolabeling of antibody (IgG) with HPLC puri- . . s .
fied [#°Zr]Zr-DBN Stability of purified [®°Zr]Zr-DBN overtime and

effect of ascorbic acid

The radiolabeling of IgG was performed at vari-
ous concentrations of antibody (0.1-1.0 mg/
mL) to study radiolabeling efficiency as a func-
tion of conjugatable protein concentration. To
measure the radiolabeling efficiency, we devel-
oped a new iTLC system in which both free 8Zr

Encouraged by high protein (IgG) radiolabeling
yield with the purified [3°Zr]Zr-DBN, especially
at lower protein concentrations, we thought to
evaluate the radiochemical stability of [#9Zr]
Zr-DBN over time following HPLC purification
and concentration. We noticed appearance of

and unconjugated [*°Zr]Zr-DBN were separated additional small radioactivity peaks at 18.8
from the radiolabeled protein [*°Zr]Zr-DBN-IgG. min, 21.2 min and 24.5 min retention time
The system employs 20 mM citric acid (pH 4.9- other than the expected 27.1 min peak for the
5.1): methanol (1:1, V:V) as a mobile phase and [89Zr]Zr-DBN on HPLC analysis immediately
silica gel iTLC as the solid phase. In this system, after concentrating the collected HPLC frac-
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Figure 4. Comparison of HPLC trace and peak analysis of purified [8°Zr]Zr-DBN with and without addition of ascorbic acid.
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Figure 5. Comparison of HPLC trace and peak analysis of purified [8Zr]Zr-DBN with and without addition of ascorbic acid at 72 h post HPLC purification.
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tions for the [#9Zr]Zr-DBN (Figure 4A). Based on
the retention time of the additional peaks, it
was evident that none of the additional peaks
resulted from demetallation of &Zr since free
897r appears at ~6 min retention time on the
HPLC analysis (Figure S7). Therefore, based on
our previous experience, we suspected, it could
be due to the radiation induced decomposition
of [89Zr]Zr-DBN [16]. Therefore, without further
characterizing newly appeared peaks on HPLC,
we treated the collected HPLC fraction with 25
uL of 200 mg/mL ascorbic acid before the con-
centration step [16]. As expected, the addition
of this small quantity of ascorbic acid did help
and reduced the total areas under the curve for
the additional peaks present at 18.8 min, 21.2
min and 24.5 min retention times while enhanc-
ing the 27.1 min peak for [3°Zr]Zr-DBN by ~12%
(Figure 4B). Addition of ascorbic improved sta-
bility of [89Zr]Zr-DBN at 72 h from 66% to >82%
(Figure 5A, 5B). We noted that the relative per-
centage of radioactivity peaks in some of the
fractions were not changed even after the con-
centration step while others showed less pro-
tection with ascorbic acid.

Conclusions

In this study, we have successfully designed
and tested a new solid target assembly to pro-
duce high quantities of 8Zr (47834330 MBq,
129.3+8.9 mCi) with a saturation yield of
4.56+0.31 MBq/pA using yttrium foil via proton
irradiation. In addition, we successfully devel-
oped a reverse phase HPLC method for the
purification of [8Zr]Zr-DBN and a new iTLC sys-
tem for instant monitoring of radiolabeling yield
of antibodies with [®°Zr]Zr-DBN. The successful
production of high molar activity of [89Zr]Zr-DBN
has allowed 1.4-2.7 fold higher radiolabeling
yield at various concentrations of antibody pro-
tein (0.1-1.0 mg/mL) in comparison to unpuri-
fied (low molar activity) [°Zr]Zr-DBN. The long-
term (up to 72 h) stability of purified [89Zr]
Zr-DBN was also studied with and without addi-
tion of ascorbic acid. The present study is a
step closer to the translation of [89Zr]Zr-DBN as
a ready to use synthon for on-demand and on-
site radiolabeling of various biologics.
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rTLC of [39Zr]Zr-DBN in 100mM DTPA (pH 7) solution
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Figure S1. rTLC of [#°Zr]Zr-DBN in 200mM DTPA (pH 7) solution.
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Figure S2. Concentration calibration curve for DFO-NCS.

rTLC of [39Zr]Zr-chloride in 20mM citric acid (pH 4.9-5.1) 1:1 methanol (v:v) solution
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Figure S3. rTLC of [89Zr]Zr-chloride in 20 mM citric acid (pH 4.9-5.1) 1:1 methanol (v:v) solution.
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Figure S4. rTLC of [89Zr]Zr-DBN in 20 mM citric acid (pH 4.9-5.1) 1:1 methanol (v:v) solution.

rTLC of [29Zr)Zr-1gG and [%°Zr]Zr-DBN in 20mM citric acid (pH 4.9-5.1) 1:1 methanol (v:v) solution
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Figure S5. rTLC of [89Zr]Zr-1gG and [8°Zr]Zr-DBN in 20 mM citric acid (pH 4.9-5.1) 1:1 methanol (v:v) solution.
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Figure S6. A-C: HPGe spectrums of Zr produced at timepoint #Zr and 88Y. A: HPGe spectrum of #Zr. B: HPGe spec-
trum of 8Zr 60 days after the EOB. C: HPGe spectrum of 8Zr 96 days after the EOB (produced at 15.2 MeV beam

energy).
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Figure S7. HPLC trace of [8°Zr]Zr-chloride.



