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ABSTRACT. Copper-64 (T,;, = 12.7 h) is an intermediate-lived positron-emitting radionuclide that is a
useful radiotracer for positron emission tomography (PET) as well as a promising radiotherapy agent for the
treatment for cancer. Currently, copper-64 suitable for biomedical studies is produced in the fast neutron flux
trap (irradiation of zinc with fast neutrons) at the Missouri University Research Reactor. Access to the fast
neutron flux trap is only possible on a weekly basis, making the availability of this tracer very limited. In order
to significantly increase the availability of this intermediate-lived radiotracer, we have investigated and
developed a method for the efficient production of high specific activity Cu-64 using a small biomedical
cyclotron.

It has been suggested that it may be possible to produce Cu-64 on a small biomedical cyclotron utilizing the
¢4Ni(p,n)®*Cu nuclear reaction. We have irradiated both natural nickel and enriched (95% and 98%) Ni-64
plated on gold disks. Nickel has been electroplated successfully at thicknesses of ~20-300 mm and bombarded
with proton currents of 15-45 nA. A special water-cooled target had been designed to facilitate the irradia-
tions on a biomedical cyclotron up to 60 uA.

We have shown that it is possible to separate Cu-64 from Ni-64 and other reaction byproducts rapidly and
efficiently by using ion exchange chromatography. Production runs using 19-55 mg of 95% enriched Ni-64
have yielded 150-600 mCi of Cu-64 (2.3-5.0 mCi/fuAh) with specific activities of 94-310 mCi/ug Cu. The
cyclotron produced Cu-64 had been used to radiolabel PTSM [pyruvaldehyde bis-(N*-
methylthiosemicarbazone), used to quantify myocardial, cerebral, renal, and tumor blood flow], MAb 1A3
[monoclonal antibody MAb to colon cancer], and octreotide. A recycling technique for the costly Ni-64 target
material has been developed. This technique allows the nickel eluted off the column to be recovered and

reused in the electroplating of new targets with an overall efficiency of greater than 90%.
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INTRODUCTION

Copper-64 is an intermediate half-lived positron-emitting radionu-
clide (T, .= 12.7h., e.c. 45%, B~ 37.1%, B* 17.9%) (26), which is
a useful radiotracer for positron emission tomography (PET) (3, 27),
as well as a promising radiotherapy agent for the treatment of cancer
(1, 2, 8). Extensive studies utilizing **Cu produced at the Missouri
University Research Reactor (MURR) have been conducted (1,
3-5, 8, 20, 27). °*Cu-labeled pyruvaldehyde bis (N*-
methylthiosemicarbazone) [**Cu-PTSM] has been used to obtain
high-quality images of blood flow in primate brain and dog heart
and kidney (16, 24). Research has also shown that ®*Cu-PTSM is a
potential agent for the quantification of tumor blood flow (15).
®¥Cu has been utilized to label a monoclonal antibody (MAb) o
colon cancer (1A3). This PET-imaging agent has been used in
clinical studies in which more than 40 patients have been evaluated
using both 1A3 (intact antibody) (20) and 1A3-F(ab’), (fragments)
(19). These studies generated high-quality images. ®*Cu-labeled an-
tibodies have also shown promise as radioimmunotherapy (RIT)
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agents. “*Cu-labeled 1A3 has proven to be effective as a RIT agent
in turnor-bearing hamsters (9). More than 80% of hamsters that
were injected with **Cu-labeled 1A3 survived 5-6 months with no
sign of tumor regrowth. A further application of copper-64 is in the
labeling of the peptide octreotide, where very high tumor to non-
rarget ratios have been obtrained in somatostatin receptor positive
tumor hearing animal models (4). **Cu-TETA-octreotide has also
been demonstrated as a potential radiotherapeutic for somatostatin
receptor positive tumors in a tumor-bearing rat model, and studies
have shown that dose fractionation (vs. a single dose) appears to
increase effectiveness (6).

As an intermediate-lived radionuclide, “*Cu would allow for PET
evaluation of biochemical pathways whose rates are too slow to be
analyzed using readily available short-lived positron emitting radio-
nuclides such as '*F or ''C. In addition, imaging or radiotherapy
studies could be carried out ar sites distant from the radionuclide
production site. Thus, the widespread availability of ¢*Cu would
greatly enhance the capabilities of existing PET centers and would
also allow PET studies to be performed at medical centers having no
on-site isotope production capabilities.

Copper-64 can be produced with a nuclear reactor via the ther-
mal neutron capture reaction, *’Cu{n,,,y **Cu, or the fast neutron
reaction “*Zn(n,p) *Cu (10, 12). The **Cu produced by thermal
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neutron irradiation is readily available at many reactor sites; how-
ever, its specific activity is too low for labeling antigen or receptor-
rargeted compounds. High specific activity **Cu is produced at
several sites (14). However, ®*Cu suitable for biomedical studies is
commercialy produced only at the MURR (28) via irradiation of
647Zn with fast neutrons (in the fast flux trap of the reactor core).
The “*Cu produced by MURR has a specific activity of more than
100 mCi/pg Cu (6,400 Ci/mmol) and has been successfully used for
radiolabeling of MAbs for tumor imaging with PET (19, 20). The
production of ®*Cu by this method requires access to the reactor fast
flux trap and this is not possible at a majority of reactor facilities. At
present, MURR is the only reactor facility in the US that produces
high specific activity **Cu. At MURR, access to the fast flux trap in
the reactor core is available on a limited basis; irradiated ®*Zn
samples can only be removed from the flux trap once a week. In
addition, limirations on sample size does not allow for the routine
production of more than a few hundred millicuries per production
run. Reactor production of ®*Cu by the *Zn(n,p) **Cu reaction
therefore imposes severe restrictions on isotope availability.

[t has been suggested that it may be possible to produce large
quantities of Cu-64 using a small biomedical cyclotron and the
Ni-64(p,n)Cu-64 nuclear reaction (25, 29). Before the present
work, however, high-yield irradiations and reproducible techniques
for recycling the expensive target material had not be described.
Szelecsényi and coworkers (25) performed cross-section measure-
ments by irradiating thin layers of Ni-64 on gold foil with a proton
beam. Their data suggests that production yields of 16 mCi/A*h
may be possible using thick targets. In this paper, we present a
method for the production of large quantities of high specific
activity®*Cu using a biomedical cyclotron. The method includes:
(1) electrodeposition of thick Ni-64 targets; (2) irradiation at high
beam current on a novel target geometry; (3) remote target re-
moval; (4) ®*Cu separation and purification; and {5) efficient recy-
cling of the Ni-64 target material. We have successfully electro-
plated nickel-64 at thicknesses of ~20-300 pm on gold disks. These
targets have been bombarded with proton beams of up to ~45 pA.
A special water-cooled target holder has been designed to facilitate
the irradiations on a biomedical cyclotron ar currents up to 60 wA.
Production runs using 19-55 mg of 95-98% enriched Ni-64 have
yielded up to 600 mCi of Cu-64 with specific activities up to 310
mCi/pg. We have developed a rapid and efficient separation of
Cu-64 from Ni-64 and other reaction byproducts along with a
method for recycling the costly Ni-64 target material. Our work on
the development of a cost-effective method for the production of
Cu-64 using a medical cyclotron will allow its widespread produc-
tion for both PET imaging and radiotherapy at medical centers
throughout the world.

MATERIALS AND METHODS

High purity reagents used in the electroplating and separation ex-
periments (99.999999% HCI, 99.9999% HNO;, 99.9999% H,SO,)
were purchased from Alfa Aesar (Ward Hill, MA). Ammonium
hydroxide (>99.99%) and TETA (1,4,8,11-tetraazacyclotetradec-
ane-1,4,8,11-tetraacetic acid) were purchased from Aldrich Chemi-
cal Company (Milwaukee, WI). Isotopically enriched Ni-64 (95%)
was bought from Cambridge Isotope Laboratories (Andover, MA).
Enriched Ni-64 (98%) was purchased from Trace Sciences Inter-
national (Richmond Hills, Onrario, Canada). Gold disks (1.9 cm
diameter x 0.15 c¢m thickness, 5 N purity) were obtained from
Electronic Space Products International (Ashland, OR). Gold foils
(99.99%, 100 wm thick, were purchased from Aldrich Chemical
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Company (Milwaukee, WI). Graphite rods (0.3-cm diameter) were
bought from Bay Carbon (Bay City, MI). Xpertek brand silica plates
were purchased from P ] Cobert (St. Louis, MO). Buffer salts (am-
monium acetate and ammonium citrate) were obtained from Fluka
Chemical Company, Ronkonkoma, NY. Ammonium sulfate
(99.999%) was purchased from Aldrich Chemical Company (Mil-
waukee, WI). Ion exchange resin (AG1-X8) and Biospin gel filtra-
tion columns were purchased from BioRad (Hercules, CA). C-18
SepPak light cartridges were purchased from Millipore (Marlbor-
ough, MA). Sephadex G 25-30 was purchased from Sigma (St.
Louis, MO).

A schematic drawing and a photograph of the electroplating cells
are shown in Fig. 1. The solution was contained in a Pyrex tube
(1.3-cm diameter, 8.6-cm length), one end of which was sealed to
a target substrate held on the cathode support plate. Interchange-
able Teflon spacers allowed for deposition into either a 1.38-cm or
0.5-cm diameter circle. Gold disk or foil substrates were used be-
cause subsequent processing of the target required that the substrate
be resistant to dissolution in concentrated HCL. The anode was a
0.3-cm diameter graphite rod mounted in the center of the cell. A
miniature motor was used to rotate the rod at about 100 rpm during
electrodeposition. This served to agitate the solution and maintain
a flow of fresh electrolyte to the substrate surface.

[rradiation experiments at 15.5 MeV and 11.4 MeV proton beam
energies were performed using a Cyclotron Corporation CS-15 cy-
clotron at Washington University (11.4 MeV beam is generated
from the CS-15 15.5 MeV beam degraded with 125-pm thick gold
foil). Irradiations ar 4.1 MeV proton beam energy were performed
using the Van de Graff accelerator at the University of Massachu-
setts at Lowell. Cu-64 yield measurements were determined using a
calibrated Ge detector (Canberra model 1510, Meriden, CT)) or a
Ge detector in combination with a radioisotope dose calibrator
(Capintec CRC-10, Pittsburgh, PA). The radionuclidic impurities
were determined using the calibrated Ge detector.

Target

A high-power solid target holder has been designed and constructed
for the cyclotron production of Cu-64. The target holds a 1.9-cm
diameter x 1.5-mm thickness gold disk (plated with Ni-64) and
automatically ejects the disk under remote control after irradiation.
The disk is held in place by the target chamber vacuum and a
pneumatically controlled air cylinder provides a water seal to the
back of the disk. During irradiation, water flowing through the air
cylinder head makes direct contact with the back surface of the disk,
providing efficient cooling. After irradiation, the water is purged
from the air cylinder head and the head is retracted. The disk is
ejected with a small overpressure of dry nitrogen in the target cham-
ber. All target functions are operated remotely and controlled using
a remote console (see Fig. 2).

Nickel Target Preparation by Electrodeposition

The electroplating cells and plating procedure is an adaptation of
the methodology reported by Piel and coworkers (13, 21) for prepa-
ration of very thin nickel layers on gold foils. Appropriate quantities
of nickel metal were dissolved in 6.0 M nitric acid and evaporated
to dryness. The residue was treated with concentrated sulfuric acid,
diluted with deionized water, and evaporated to almost dryness. The
residue was cooled and diluted with deionized water. The pH was
then adjusted to 9 with concentrated ammonium hydroxide and
ammonium sulfate electrolyte was added (C.1-0.5 g). The final vol-
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FIG. 1. A: Schematic of electrodeposition cell used for plating experiments. B: Photo of electrodeposition cell used for plating

experiments.

ume of the solution was adjusted to approximately 10 mL with
deionized water. This solution was transferred to the cells and used
for electroplating. The cells were typically operated at 2.4-2.6 V
and at currents between 10 and 50 mA. Electroplating was accom-
plished in 12-24 h. Either gold foils or gold disks were used as
cathodes and graphite rods were used as anodes in the electroplating
experiments. The anode was rotated at about 100 rpm during elec-
trodeposition.

Production of **Cu

Copper-64 was produced on the Washington University Medical
School CS15 cyclotron by the ®*Ni(p,n) “*Cu nuclear reaction.
This accelerator is capable of delivering external beams of up to
approximately 60 wA of 15.5 MeV protons. For the Cu-64 produc-
tion experiments at 15.5 MeV, enriched “*Ni rargets were bom-

barded with ~15-45 wA current. In addition, Cu-64 yield experi-

ments were performed using 11.4 MeV (Washington University)
and 4.1 MeV (University of Massachusetts at Lowell) proton beam
energies. The yield measurements at 11.4 MeV were conducted
using natural nickel targets and extrapolated to 95% enrichment.
At 4.1 MeV, a 95% enriched **Ni target was used. The two higher
beam energies (15.5 and 11 MeV) represent the beams currently
available from small hospital-based cyclotrons. The 4.1 MeV beam
is within the the energy range of the compact linear accelerators
which have been developed for PET (23). Cu-64 yields were mea-
sured using a calibrated Ge detector or a Ge detector in combina-
tion with a radioisotope dose calibrator. The radioisotopic impuri-
ties were determined using the calibrated Ge detector. Thin layer
chromatography was performed using the TLC scanner.

Separation of Cu-64 and Recovery of Ni-64

Afrer bombardment, the Cu-64 was separated from the target nickel
and other contaminants in a one-step procedure using an ion ex-
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FIG. 2. Solid target holder with retractable cooling head shown (a) configured for irradiation, and (b) retracted for transfer of

the target disk after irradiation. Below, photo of target holder.

change column. The irradiated ©*Ni was dissolved off the gold disk
in 10 mL of 6.0 N hydrochloric acid, heated to 90°C. The solution
was then evaporated to dryness. The res’iduc was dissolved in 3.0 mL
of 6.0 N HCI and eluted through a 4 x 1 ¢m Bio-Rad AGIL-X8
anion exchange column (treated with 6.0 N HCI prior to use). The
nickel fraction was eluted in the first 15 mL of 6.0 N HCL Upon
switching to deionized warer (or 0.5 M HCI), the copper was im-
mediately clured in the first 8-10 mL. A typical separation profile
is shown in Fig. 3. This method has been used by other researchers
(17, 25,

copper.

29) for separation of much smaller quantitics of nickel from

A simple procedure has been implemented in the recovery of the
Ni-64. After the column separation of the reaction products, the
nickel fraction (collected in 6.0 M HCI) was evaporated to dryness,

the residue treated with 6.0 M HNQ;, evaporated to dryness and
M HNO,;. The solution was again
evaporated to dryness, and the residue treated with 1 mL concen-
trated H,SO4. The solution was diluted with deionized water and
the pH was adjusted to 9 with concentrated NH,OH. Ammonium

then redissolved in ~10 mL 6.0

sulfate was added to the solution, and the final volume was adjusted
to 10 mL with deionized water. The solution was then transferred to
the electroplating cells and electroplating was performed as de-

scribed previously.

Specific Activity Determinations

The specific activity (mCi/pg) of the cyclotron produced Cu-64 was
determined experimenrally via rtitrarion of “*Cu(OAc), with the
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FIG. 3. Separation profile for sample showing sequential elu-
tion of *“Ni from **Cu. Each fraction is approximately 2 mL.
At fraction 7, the elution is changed from 6 N HCl to deion-
ized water.

macrocycle TETA. TETA was sclected for these studies because of
its high stability constant with copper (7). Mixing macroscopic
quantities of copper, using “*Cu as a tracer, with TETA on an
equimolar basis confirmed the 100% complex formation under
equimolar conditions. Aliquots of TETA were added to
%Cu{OAc), and the percent complexation (**Cu-TETA) was
monitored by radio TLC (Bioscan, Washington, DC). In a typical
experiment, 30 pL aliquots of 70-100 wCi (decay corrected to the
end of bombardment-EOB) of the Cu(OAc), solution were added
to each reaction vessel. The pH (3.5) and volume (125 pL) were
kept constant using 0.1 M NH,OAc buffer. Various volumes of
stock TETA solutions (2 x 107* M to 2 x 107! M) were added and
the samples were vortexed and incubated at 35°C for 60 min.
Samples were spotted on silica plates and the plates developed using
1:1 MeOH:10% NH,OAc. Cu(OAc), remained at the origin,
whereas complexed copper in the form of Cu(TETA)?
with R, = 0.42.

The minimum TETA concentration where 100% labeling oc-

~ migrated

curred was assumed to be equal to the concentration of Cu(ll)
present. Typical titration plots are shown in Fig. 4.

Cu-64-Labeling Experiments

Upon purification from the Ni-64 target, Cu-64 was available in
8-10 mL of 0.5 M HCL The HCl was removed by heating to dryness
under nitrogen. The dried Cu-64 was then dissolved in 140 pL
0.IM HCL **CuCl, prepared in this manner was used in all labeling
experiments.

“4Cu-labeled PTSM (11) was prepared as follows: A small volume
of “*CuCl, (1 mCi, 30 uL) was diluted to 2 mL with 0.4 M
NH,OAc, pH 5.5. H,PTSM (3 pg, 0.2 mL ethanol) was added to
the “*Cu(OAc); solution and incubated for a minimum of 2 min.
This was purified on a C-18 SepPak column and eluted in 1.0 mL
of ethanol.

**Cu-labeled TETA-octreotide was prepared as described previ-
ously. Briefly, ®*CuClI2 (1-175 mCi) was diluted to 0.25-1.0 mL
with 0.1 M NH,OAc, pH 5.5. This was added to 1-50 pg TETA-
octreotide (0.25-1.0 mL) in 0.1 M NH,OAc. pH 5.5 and incubated
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for 1 h at room temperature. Purification was accomplished using a
C-18 SepPak light cartridge as described previously.

“4*Cu-labeled BAT-2IT-1A3 was prepared as previously de-
scribed. Briefly, 5*CuCl, (1-130 mCi) was added to 0.1 M ammo-
nium citrate buffer, pH 5.5. **Cu-citrate was added to BAT-2IT-
1A3 in 0.1 M ammonium citrate, pH 5.5, and incubated for 30 min
at room temperature. Uncomplexed **Cu (**Cu-citrate) was puri-
fied from “*Cu-BAT-2IT-1A3 using a centrifuged gel filtration col-
umn. Quality control was performed using fast protein liquid chro-
matography (FPLC, Pharmacia, Uppsala, Sweden) as described pre-
viously (3).

RESULTS
Ni-64 Targetry

The target thickness required to produce greater than 90% of the
thick target yield ranges from approximately 300 wm at 16 MeV to
20 pm at 4 MeV. Nickel targets of thicknesses ~20-300 m {at 0.5-
and 1.38-cm diameter) were prepared by electrodeposition. These
thicknesses are significantly larger than those previously reported by
Piel (21), who deposited target layer thicknesses of approximately 1
pm. Initial experiments were performed using 95% enriched Ni-64
at 1.38-cm plating diameter, with plating efficiencies of 98-100%
(plating efficiency is defined as the ratio of the mass of the elec-
troplated nickel to the initial mass of nickel in solution). A beam
profile, measured using autoradiography, showed that more than
90% of the beam current was contained within 0.5-cm diameter
central core. Plating and irradiation experiments were then per-
formed on Ni-64 plated at 0.5-cm diameter (plating efficiency is
96-97%). Reducing the plating diameter reduced the amount of the
costly Ni-64 required for an optimal thickness target. Representa-
tive targets plated at 0.5- and 1.38-cin diameter are shown in Fig. 5.
This reduced the cost of the **Cu production, and also increased the
specific activity because the targer material itself is a source of
contaminant copper (see Tables | and 2). In most cases, the ap-
pearance of the rarget was unchanged after irradiation, indicating
that the temperature of the nickel layer was maintained below its
melting point. During production runs, 2 target bombardments of
15 resulted in melting and possible vaporization of the nickel layer.
We believe the problem was due either to interuption of the cooling

Specific Activities

—a— 215.6 mCi /ug (13798 Ci / mmol)
—— 189.6 mCi /ug (12134 Ci / mmol)
—e— 264.2 mCi /ng (16209 Ci / mmol)
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FIG. 4. Specific activity titrations of ®*Cu with TETA.
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FIG. 5. Nickel plated on gold targets at 0.5-cm and 1.38-cm diameter.

water flow or to poor thermal contact between the nickel layer and
the gold substrate for those targets. We are currently investigating
this problem.

54Cu Measured Yields

The results of the **Cu production runs at 15.5 MeV proton energy
are summarized in Table 1. An initial production run at 15.5 MeV
was performed using a thick (311 wm) targer (first entry in Table 1).
This run yielded approximately 600 mCi of Cu-64. The measured
yield of 5.0 mCi/wA*h is approximately a factor of two lower than
the yield of 10.5 mCi/wA*h predicted by Szelecsényi et al. (25). We
believe that the yield is lower primarily due to poor alignment of the
heam strike with the central nickel-plated region of the target.
Alignment is much more critical with the small-diameter targets
because the beam strike and the nickel layer have approximately
the same diameter. Nevertheless, this experiment demonstrates that
substantial quantities of ®*Cu can be produced using relarively small
quantities of enriched Ni-64. In order to increase our vields, we
optimized the beam alignment. A collimating aperture (0.5 cm) was

TABLE 1. Production Runs of Cu-64 at 15.5 MeV

placed in the cyclotron beamline upstream of the target and align-
ment of the beam was accomplished using a plexiglass witness plate
at the target position. The plexiglass was irradiated for very short
times at low beam current and visually inspected to determine the
beamstrike position. The beam position was then adjusted accord-
ingly.

Subsequent “*Cu production runs gave yields which were in good
agreement with predicted yields, as is apparent from the remaining
entries in Table 1. These runs were performed using thinner target
layers, and therefore smaller total amounts of target material. Al-
though the yields were lower than the predicted thick target yields
(25), the amount of target material was also reduced, thereby re-
ducing the cost of each experiment. Thus, there is a trade-oft be-
tween the total amount of enriched target material used and the
**Cu yield produced. (Table 1) The “*Cu yields measured 4.1 MeV
are in very good overall agreement with the yields calculated from
the cross-section data of Sevior et al. (22). Yields measured at 11.4
MeV are somewhat lower than predicted by Szelecsényi et al. (25).
Copper-64 yields reported by Nickles (18) obrained by using an
11-MeV CTIRDS cyclotron beam are approximately a factor of two

95% Bombardment EOB Predicted Specific activity
Sample Ni-64 condition Thickness mCi EOB EOB (TETA Titration)
ID (mg)* (nA*h) (pam) Cu-64 mCi/pA*h mCi/pA*h** mCi/pg Cu
253 54.4 120 311 600 5.0 10.5 122 (7808 Ci/mmol)
265 23 66 132 150 2.28 3.5 249 (15,936 Ci/mmol)
275 21 72 120 240 3.30 3.3 216 (13,824 Cifmmol)
281 18.7 75 107 250 3.33 3.0 190 (12,160 Cifmmol)
289 23.2 139 133 500 3.6 3.5 310.2 (19,840 Ci/mmol)
293 23.7 69 136 280 4.03 3.7 >94 (6016 Ci/mmol)
285 215 70 123 260 3.74 3.4 103 (6592 Ci/mmol)
MB3 18.4 53 105 118 2.24 2.7 100-230

(6400-14,270 Ci/mmol)

MBI13 20.1 62 115 180 29 3.2 264 (16,896 Ci/mmol)

" All targets had a plated diameter of 0.3 cm.
** Theoretical vields as predicted (25).






