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Abstract:
 64

Cu is a cyclotron-produced radionuclide which offers, 
due to its characteristic decay scheme the possibility to combine 
PET investigations with radiotherapy. We evaluated the Alceo sys-
tem from Comecer SpA to automatically produce 

64
Cu for radiolabel-

ling purposes. We established a
 64

Cu production routine with high 
yields and radionuclide purity in combination with excellent operator 
radiation protection. The carbonic anhydrase XII targeting 6A10 
antibody fab fragment was successfully radiolabelled with the pro-
duced 

64
Cu and proof of principle small animal PET experiments on 

mice bearing glioma xenografts were performed. We obtained a high 
tumor-to-contralateral muscle ratio, which encourages further in vivo 
investigations of the radioconjugate regarding a possible application 
in diagnostic tumor imaging. 

Introduction 

As a powerful non-invasive imaging tool, positron emission 
tomography (PET) offers the possibility to visualize and monitor 
biochemical and physiological functions as well as pathophysio-
logical processes in vivo. To investigate fast molecular distribu-
tion and accumulation characteristics, short-lived PET-
radionuclides such as 11C (T1/2 = 20.4 min), 68Ga (T1/2 = 67.7 min) 
and 18F (T1/2 = 109.8 min) are commonly used [1-6]. [18F]FDG for 
instance is a radiolabelled glucose molecule with fast tumor 
uptake characteristics, and one of the most prominent tracers in 
the field of tumor imaging [6-7]. Radionuclides with longer half-
lifes, such as 89Zr (T1/2 = 3.27 days) and 124I (T1/2 = 4.18 days), 
are needed to image molecules with slower biochemical pro-
cesses and longer blood availability, like antibodies [8-9]. Fab 
(fragment antigen binding) fragments of antibodies on the other 
hand, have a shorter bioavailability than full-length antibodies, 
but much longer availability than small molecules as glucose [10-

12]. Radiolabelling such molecules with an intermediate half-life 
PET-nuclide like 64Cu (T1/2 = 12.7 h) might therefore be promis-

ing. Furthermore, 64Cu decay includes in addition to + and elec-

tron capture a significant - component (probability of 39.0 (3)%) 
[13-15]. Thus, the combination of PET imaging with radiotherapy 
may be feasible, which is not the case for 124I and 89Zr [16-19].  
 
Various kinds of molecules have so far been radiolabelled with 
64Cu to investigate possible PET applications against a wide 
range of diseases. One of the most common 64Cu-radiolabelling 
methods is based on using a chelating agent to bind the radioac-
tive metal to the carrier molecule. Copper offers well-established 
coordination chemistry which allows the use of various chelators, 
for instance DiamSar, NOTA, NODA-GA, PCTA and their deriva-
tives [20-21]. Using chelator-conjugated antibodies, 64Cu has been 

investigated in studies against pancreatic cancer [22], malign 
lymphoma [23], breast cancer [24] and CA IX expressing malign 
tissue [25]. Antibody fragments (Fab and F(ab)2), also radio-
labelled with 64Cu via chelators, have currently used in studies 
against ovarian cancer [26], breast cancer [26-27], and head and 
neck cancer [28]. Chelator molecules are further used to bind 
64Cu to peptides, for example RGD2-BBN heterotrimers against 
prostate cancer [29] and RGD peptides against gliomas [30]. Che-
lator-conjugating is even used to radiolabel nanoparticles [31] and 
liposomes for breast cancer diagnosis [32]. Copper - labelled 
complexing agents such as ATSM or some bifunctional chela-
tors are further investigated for the use as diagnosis agent 
against hypoxia [33-34] and Alzheimer´s disease [35-36], respectively. 
Since chelators might change the pharmacokinetics and binding 
ability of the conjugated molecule, the development of chelator-
free radiolabelling strategies is interesting. Using nanoparticles 
based on gallic acid is one way to ensure chelator-free radio-
labelling, since the containing phenol groups strongly interact 
with the 64Cu [37-39]. Promising preclinical results of such ap-
proaches have already been reported in studies against breast 
cancer [37-38, 40]. A further method to generate 64Cu-labelled struc-
tures is the use of radioactively doped starting material. As a 
result, the radionuclide is embedded in the structure´s matrix, as 
for example 64Cu-containing quantum dots which are under 
investigation for PET-studies against gliomas [41]. Furthermore, 
structures like liposomes or micelles or even nanoparticles can 
be used to encapsulate 64Cu-linked molecules which might be 
useful to influence the molecules properties, for instance in-
creasing its hydrophilic properties [39, 42]. Due to this wide range 
of promising applications for 64Cu, establishing a production 
routine is further investigated in this study. 
 
The cyclotron production of 64Cu via the 64Ni(p,n)64Cu reaction 
has already been extensively investigated [18-19, 43]. Several 
groups have established 64Cu production routines so far, but 
mostly with individual custom-made, semi-automated processes 
and equipment [19, 44-47]. Comecer SpA (Castel Bolognese, Italy) 
developed an automatic setup, the so-called Alceo modules to 
cover all processes regarding 64Cu production: electrochemical 
fabrication of the 64Ni target, cyclotron irradiation and subse-
quent dissolution of the target, purification and final preparation 
of the 64Cu product. All procedures can be performed automati-
cally without manual intervention, which ensures a high level of 
radiation protection for the operator. Matarrese et al. [48] firstly 
introduced these modules but used an individual modified elec-
trochemical cell. Our study is now focussed on establishing a 
64Cu routine production with the unmodified, commercially avail-
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able 1st generation Alceo modules (see Figure 1) to perform 
preliminary PET imaging experiments.   
 
The Alceo setup consists of the PRF (purification), the EDS 
(electrodeposition/ dissolution/ transfer/ storage) and the PTS 
(irradiation/ cooling) unit. To prepare the irradiation target, a 64Ni 
solution circulates between the PRF and the electrochemical cell 
in the EDS module. A main part of the electrochemical cell is the 
so-called shuttle, which is a cylindrical, hollow aluminium device 
(height 35 mm, diameter 28 mm) with an integrated platinum 
beaker. The ground area of this beaker is used as backing for 
the 64Ni electrodeposition. The lid of the electrochemical cell 
equipped with a platinum rod anode, is closed above the shuttle 

which is placed on the gold foiled brass cathode beneath (see 
Figure 2). Through a tube system, the shuttle is automatically 
transferred to the PTS module, which is installed on the in-house 
biomedical cyclotron and positioned in the beamline. Cooling of 
the shuttle backing and the nickel target during irradiation is 
maintained using water and helium, respectively.  
The shuttle is delivered back to the EDS unit, and the irradiated 
target is dissolved using the circularly arranged capillaries be-
tween EDS and PRF. The target solution is purified with anion 
exchange chromatography [49] in the PRF. Recovered nickel can 
be processed for the repeated use as target material. The puri-
fied 64CuCl2 is sent to the TADDEO module (Comecer SpA, 
Castel Bolognese, Italy) for volume reduction (Figure 1 – D). 

 

 
Figure 1: Modular setup of the Alceo system: The Shuttle is transported between the EDS (A) and PTS (B) via a delivery pipe, EDS (A) and PRF (C) are con-

nected by capillaries to enable the circulating fluid transport and the final product is transferred from the PRF (C) through capillaries to the TADDEO module (D) 

for final processing. 

 

Figure 2: Electrochemical cell of the EDS module. A: open cell with marked 

positions of anode and cathode. B: Shuttle in position for electrodeposition and 

dissolution with closed electrochemical cell. 

The produced 64Cu was further characterized, used for radio-
labelling experiments, and first in vivo small animal PET imaging 

experiments were performed. Therefore, the fab fragment of the 
new 6A10 antibody (6A10 Fab) was used, which binds highly 
specific to carbonic anhydrase XII (CA XII)[50-51]. CA XII is a 
membrane enzyme, which catalyses the generation of bicar-
bonates for buffer purposes in cells, which are covering their 
high energy demands by extensive anaerobic glycolysis [50-51]. 
This enzyme is expressed on various aggressively growing 
cancer cells [52-53], such as renal carcinoma [54-56], breast cancer 
[57], ovarian tumors [58] and gliomas [59]. The 6A10 Fab has al-
ready been radiolabelled with 177Lu and investigated for the 
potential use as a radiotherapy agent against glioma recurrenc-
es [60]. Further applications as a diagnostic tracer, radiolabelled 
with the PET-nuclide 64Cu, is now considered to extend the use 
of this biomolecule for tumor imaging.  
 
Next to the establishment of an automated Cu production with 
the Alceo setup, the aim of our study was to evaluate the possi-
bility to generate a 64Cu-labelled 6A10 Fab for proof-of-principle 
PET experiments on mice, bearing CA XII expressing tumor 
xenografts. 
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Results and Discussion 

Target preparation and irradiation 
Enriched 64Ni is electrochemically deposited from an aqueous 
Ni(SO4)2 solution in a dynamic cycle. In comparison to other 
groups, who used static electrochemical cells for nickel target 
deposition [19, 44-45, 61-62], the Alceo setup utilizes the dynamic 
deposition method, in which the shuttle is part of the electro-
chemical cell and the nickel is deposited directly on the shuttle´s 
platinum beaker. This method prevents the accumulation of 
hydrogen at the cathode, which has been reported to disturb the 
deposition process when using static setups [48, 63]. To success-
fully produce a nickel target for irradiation, the flow of the elec-
trolyte solution needs to be adjusted very accurately to 1.2 – 
1.4 ml/min. In this flow range, typical electrodeposition yields of 
up to 96% were reached. When using flows higher than 1.4 
ml/min, the yields radically decreased. Recovery and re-
electrodeposition of already irradiated nickel material was ac-
complished with yields of up to 90%. The generated deposit (see 
Figure 3-B) was conically shaped, with an area of 7 mm in di-
ameter, an increasing thickness in the middle and a rough, pitted 
surface. This appearance was most likely caused by the geome-
try of the electrochemical cell, as the anode is a platinum rod 
and the cathode a round shaped platinum surface. The anode is 
positioned centrically above the cathode, which results in an 
increased deposition rate in the middle. Since the target gets 
very pointy and brittle on the tip when too much material is de-
posited, nickel amounts above 85 mg are not usable for further 
irradiation experiments.  
 
A paper burn test was performed to determine the beam position 
on the shuttle required to effectively irradiate the nickel target. 
For that reason, a shuttle was equipped with a paper and irradi-
ated for a short time. In Figure 3, images A and B show the 
beam position on the burned paper and a representative nickel 
target. The cross in both figures indicates the centre of the shut-
tle, where both, 64Ni and proton beam are located. This con-
firmed that the beam successfully hits the target during irradia-
tion.  

 
Figure 3: Result of the paper burn test shows the position of the 
beam on the shuttle (A) while B shows a 

64
Ni-plating on the shuttle´s 

platinum beaker. 

The beam energy was varied through the installation of alumini-
um foils with different thicknesses in the beam line. According to 
the 64Ni(p,n)64Cu cross section, the highest nuclear reaction yield 
can be expected at 11 MeV proton beam energy [64-65]. However, 
we observed an overall decreasing activity yield in correlation 
with the decreasing beam voltage. Proton energies of 11, 13.2 
and 14.5 MeV resulted in average yields of 0.25 ± 0.15, 0.44 ± 
0.14 and 0.72 ± 0.20 MBq/µA/h/mgNi, respectively. This can be 
explained with a decreased proton flux hitting the target with 
increasing degrader foil thickness. Table 1 contains a summary 
of 16 representative 64Cu production runs with the corresponding 
amounts of used 64Ni, irradiation parameter, and radioactive 
yields. 
 

When comparing batches with similar amounts of nickel (B1 and 
B3, B5 and B7, B8 and B9), the yielded activity at the end of 
bombardment (EOB) was improved by elevating the beam cur-
rent and duration. Increasing the amount of nickel target but 
using constant beam parameters (B12 and B13, B10 and B11, 
B16 and B15) also resulted in improved yields. Higher nickel 
amounts cannot be deposited and longer irradiation times or 
higher currents are limited due to technical restrictions. Never-
theless, significant yield deviation was observed, even though 
similar nickel amounts and equal beam parameters were used 
(B13 and B15, B12 and B14). These variances are most likely 
due to an uneven quality of the nickel target, caused by an unre-
liable electrodeposition process. The Alceo setup is character-
ized by a very long capillary circuit, which is used in different 
steps of the 64Cu production. This can cause ionic cross contam-
inations, which might disturb the electrochemistry process and 
can lead to irregular nickel deposition. Additionally, the pre-
installed membrane pump is not able to establish a constant flow 
of the solution. Thus, to produce a reliable 64Ni target and con-
sequently a predictable irradiation yield, modification of the 
pump and the electrochemical cycle is highly recommended to 
increase the irradiation output. 
 
Table 1: List of 16 

64
Cu production runs with the sample IDs, the 

corresponding amounts of 
64

Ni, beam parameters and resulting 
yields, decay corrected to the end of bombardment (EOB). 

ID 
64

Ni 
[mg] 

Beam parameters Yield EOB 

[MeV] [µA*h] [MBq] 
[MBq/µA/
h/mgNi] 

B1 46.9 14.5 18 660 

0.72  
± 

0.20 

B2 58.0 14.5 60 2362 

B3 50.6 14.5 85 4443 

B4 41.0 14.5 100 3604 

B5 84.5 14.5 57 3100 

B6 82.0 14.5 75 2509 

B7 83.5 14.5 100 5389 

B8 85.3 11.0 100 941 
0.25  

±  
0.15 

B9 78.5 11.0 150 1702 

B10 24.0 11.0 150 1532 

B11 39.7 11.0 150 2005 

B12 23.0 13.2 150 1826 

0.44   
± 

0.14 

B13 42.0 13.2 150 2394 

B14 26.0 13.2 150 976 

B15 42.6 13.2 150 3969 

B16 35.0 13.2 150 2118 

 
Characterization  
The irradiated target was dissolved in HCl and the 64Cu was 
separated from nickel target material and irradiation by-products 
using anion exchange chromatography. With a final volume of 
9 ml, the 64CuCl2 was not suitable for radiolabelling purposes, so 
the product was evaporated to dryness and re-dissolved in HCl 
(400 µl; 0.1 M) using the TADDEO module. The final 64CuCl2 
had a pH of approx. 0.4 at the end of preparation (EOP). A half-
life of 12.7 h ± 0.5 h was confirmed via dose calibrator meas-
urement. The identity of the produced 64Cu was verified by 
gamma spectroscopy (see Figure 4). Next to the 511 keV peak, 
the characteristic γ – peak of 64Cu at 1345 keV was identified. 
The radionuclide purity was calculated to be > 99% (EOP).  
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When irradiating enriched 64Ni with protons, the formation of 
radionuclide by-products has been reported previously [19, 45-46, 66]. 
Due to the limited purity of enriched 64Ni (< 99.32% purity), some 
impurities are expectable. To eliminate short-lived copper iso-
topes, anion exchange purification of the product was performed 
after an overnight decay (approx. 12 h), which resulted in excel-
lent radionuclide purity at the end of preparation. All purification 
fractions were analysed with gamma spectroscopy and the 
overall contents of radionuclides were quantified. Table 2 shows 
the resulting contents of n = 11 separations in atomic percent 
(At%), decay corrected to EOB.  

 
Figure 4: Exemplary gamma spectrum of the produced 

64
Cu with the 

annihilation peak (511 keV) and the copper specific γ – peak at 
1345 keV. 

Table 2: Average amounts of irradiation products in atomic percent 
(At%) at EOB (n=11). Nuclides, which were not detected, are de-
clared as n. d. (not detectable). Gamma spectrometry measure-
ments were performed 10-12 h post EOB.  

Element Isotope Half-Life 
Mean At% at EOB 

(n = 11) 

Cobalt 

55 17.5 h 0.03 ± 0.10 

57 271.8 d 0.004 ± 0.014 

61 1.7 h 1.4 ± 3.4 

Copper 

60 23.7 min n. d. 

61 3.4 h n. d. 

62 9.7 min n. d. 

64 12.7 h 98.5 ± 3.4 

 
The cobalt isotopes 55Co, 57Co and 61Co were identified with 
contents of 0.03 ± 0.10, 0.004 ± 0.014 and 1.4 ± 3.4 At%, re-
spectively. The amount of 64Cu was determined to be 98.5 ± 3.4 
At%. Radionuclides with short half-lifes, such as 60-62Cu, were 
not detected in the examined sample. This supports the imple-
mentation of a 12 h time interval between EOB and EOP for 
elimination of any short-lived isotopes.  
 
The molar activity (Am) of the produced 64CuCl2 was determined 
by titration with the chelator 1,4,8,11-Tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid (TETA)[19]. To do so, aliquots of TETA 
in different concentrations were radiolabelled with 64Cu and the 
radioactive yield was determined with radio-TLC. Due to an 
equimolar reaction between metal and chelator, the molar activi-
ty in Becquerel per mole can be calculated. Non-radioactive 
metallic ion contaminations would compete with the 64Cu to 
complex with TETA, so this method determines the effective 

molar activity (eff. Am) of the entire 64CuCl2 product rather than 
the theoretical activity per mole 64Cu. To determine the theoreti-
cal Am, a direct method such as mass spectrometry techniques 
is recommendable [44-45]. Since the eff. Am is decisive for radio-
labelling purposes we focused on the TETA titration method in 
this study.  
Improving the eff. Am was accomplished by changing the solvent 
for cleaning of all the modules reservoirs and capillaries prior to 
64Cu production. We firstly used only Tracepur® water (≤ 1.0 ppb 
Cu; ≤ 1.0 ppb Fe) and switched during development to a two-
step method, which includes pre-cleaning with  Tracepur® water 
and final rinsing with Ultrapur® water (≤ 0.1 ppb Cu; ≤ 0.3 ppb 
Fe). To monitor the rinsing efficiency, diluted aliquots of decayed 
64CuCl2 batches were analysed with ICP-OES for metallic con-
taminations of Co, Cr, Mn, Ni, Zn, Cu and Fe. Metal contents of 
significance were found for Cu, Fe, Ni and Zn, and are plotted in 
Figure 5 in correlation with the determined effective molar activi-
ty. 
B6 and B7 show the results of a system, which was rinsed with 
Tracepur® water using a small anion exchange column (3 g 
resin) for separation. In both batches, remarkable high amounts 
of Fe and Zn were detected. The amount of resin was increased 
up to 9 g in B10 and B13, while rinsing was still carried out with 
Tracepur® water, resulting in decreased Fe and Zn contents. 

 
Figure 5: A representative comparison of the contents of non-
radioactive metals [µg/ml] and the corresponding molar activity (Am) 
[GBq/µmol]. 

Finally, cleaning of all production relevant lines and cycles was 
performed with Ultrapur® water, leading to a decreased content 
of Fe in B15 and B16. Simultaneously, a significant improvement 
of the eff. Am was reached using high purity water for cleaning 
(120.5 ± 17.7 GBq/µmol in B15 and B16 versus 34.5 ± 
3.1 GBq/µmol in B6, B7, B10 and B13).Varying amounts of Cu 
and Ni were detected over all batches.  
The amount of determined nickel in the product does not corre-
late with improvements made for purification and rinsing. We 
therefore assume that the majority of the nickel originates from 
the nickel target. Minor amounts of non-radioactive Ni and Zn 
can be attributed to the 64Cu decay, since it is characterized by 
39.0 (3)% β- decay to 64Zn ground state and 17.86 (14)% β+  and 
42.6 (5)% electron capture decay to 64Ni ground state [13-15]. Co, 
Cr and Mn were not found in significant amounts. 
 
An optimized molar activity of 64Cu is an important prerequisite 
for imaging purposes. Using different technical setups, pro-
cessing methods and irradiation parameters, a wide range of 
possible molar activities has been published so far. Table 3 
shows a comparison between the results presented in this study 
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and previously published molar activities of other groups. With 
up to 133 GBq/µmol our method generates moderate values, 
higher than those reported by Jeffery et al.[45], Matarrese et al.[48] 
and Obata et al.[62] but lower than those achieved by Avila-
Rodriguez et al.[46], McCarthy et al.[19], Ohya et al.[67] and Thieme 
et al.[44]. Our results can best be compared with those of 
Matarrese et al.[48], who also worked with the Alceo modules. 
They reported an effective molar activity of 81.4 ± 
48.1 GBq/µmol which was moderately improved to maximum 
133 GBq/µmol in this study.  
 
Table 3: Comparison of the molar activities reported in previous 
studies and in this study, in correlation with the used measurement 
methods.  

Author 
Molar activity 
[GBq/µmol] 

Measurement  
method 

Ohya et al.  
2016 [67] 

1170 ± 1170 ICP-MS 

Avila-Rodriguez 
et al. 2007 [46] 

696 ± 122 Titration with TETA 

Thieme et al. 
2012 [44] 

1072 ± 420 ICP-MS 

McCarthy et al. 
1997 [19] 

Up to 733 Titration with TETA 

Current study Up to 133 Titration with TETA 

Obata et al.  
2003 [62] 

118 ± 67 
Titration & HPLC with 

ATSM 

Jeffery et al.  
2012 [45] 

89 ± 37 ICP-MS 

Matarrese et al. 
2010 [48] 

81 ± 48 HPLC 

 
Limitations of the Alceo modules 
By using the first generation Alceo modules an automatic pro-
duction of 64Cu can be established. However, some improve-
ments might be recommendable to further optimize the process 
reproducibility and the molar activity of the 64Cu product. The 
modules are equipped with very long capillary circuits for all 
production steps and the same lines are used for nickel electro-
deposition and dissolving prior and post irradiation. This might 
result in metal ion cross contaminations, which have to be re-
moved by extensive rinsing procedures. A better way to diminish 
problems associated to those cross contaminations would be to 
strictly separate the two cycles and to significantly shorten the 
fluid pathways. Furthermore, a setup based on disposable kits 
would even guarantee a production which is free of any contam-
inations. 
An improved reproducibility regarding the electroplating process 
can further be reached by installing a pump with a more stable 
performance since the pre-installed device shows unequal pump 
velocity over a long operating time.  
The initially produced 64CuCl2 is so far available in 9 ml which 
results in a volume-concentration too low for radiolabelling pur-
poses. In this study, the TADDEO module had to be used for 
volume reduction. With an integrated solution, for example a 
pre-installed heating device for evaporation, the Alceo setup 
would enable a convenient production outcome of labelling-
suitable 64Cu. 
 
Radiolabelling and PET imaging  
The 6A10 Fab, conjugated with p-NCS-benzyl-NODA-GA, was 
radiolabelled with 64Cu and purified with a nap-5 column (GE 

Healthcare, Munich, Germany). The radiochemical purity of the 
product was determined with radio-TLC to be > 93%. In 5 syn-
thesis runs, we reached a final specific activity of the radio-
labelled compound of 208.6 ± 49.7 MBq/mg. A female SCID-
mouse, bearing a glioma xenograft on the right shoulder (approx. 
370 mm2) was injected with 14.7 MBq of the conjugate via a tail 
vein catheter and scanned with small animal PET. The image is 
depicted in Figure 6. The tumor-to-contralateral muscle ratio was 
calculated to be 12.  
 

 
Figure 6: PET image of a mouse, scanned 4 h after the injection of 
14.7 MBq of the radioconjugate. The tumor xenograft on the right 
shoulder is indicated with a white arrow.  

The image also shows activity accumulation in organs such as 
kidney, liver, bladder, spleen and the intestines. According to our 
previous work [60], this accumulation pattern can be expected, 
since the metabolism of proteins with a molecular size like a fab 
fragment (approx. 55 kDa) is dominated by kidney and liver. The 
calculated tumor – to – contralateral muscle ratio of 12 is notably 
high for a systemically applied fab fragment, since Fabs undergo 
fast degradation processes and are therefore much more short-
lived in the blood than full-length antibodies [10-12]. This encour-
ages further studies regarding the in vivo behaviour of this 64Cu - 
labelled compound for diagnostic imaging of CA XII expressing 
tumors. 

Conclusions 

The Comecer Alceo modules offer the possibility to produce 
64Cu in good radioactive yields, high radiochemical purity, and 
good effective molar activity for radiolabelling of biomolecules. 
Due to the high grade of automatization an excellent radiation 
protection for the operator can be expected. Labelling of the 
6A10 antibody fab fragment and proof of principle small animal 
PET experiments were accomplished and showed promising 
imaging results.  
Further studies are considered to investigate the in vitro and in 
vivo characteristics of the 64Cu-labelled 6A10 Fab in regard to a 
possible diagnostic application against CA XII expressing tumors.  
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Experimental Section 

Unless otherwise mentioned, all chemicals and expendable 
items were purchased from Sigma Aldrich (Taufkirchen, Germa-
ny), Carl Roth (Karlsruhe, Germany), or Eppendorf (Hamburg, 
Germany).  
All glassware and capillaries are routinely cleaned prior to pro-
duction with HNO3 (2 M), rinsed with water and dried with nitro-
gen. During the evaluation process in this work, the purity grade 
of the used water was continuously refined.  
 
Target Preparation 
The electrolyte bath was prepared according to McCarthy et 
al.[19]. The enriched 64Ni (20 – 90 mg, <99.32% purity, (Chemo-
trade Chemiehandelsgesellschaft mbH, Düsseldorf, Germany) 
was dissolved in HNO3 (2 ml, 6 M), evaporated to dryness, re-
dissolved in H2SO4 (300 µl, concentrated), diluted with H2O 
(2 ml), evaporated to almost dryness and diluted with H2O (5 ml). 
The pH was adjusted at approx. 9 with NH3 and (NH4)2SO4 (0.3 
mg) and H2O (2 ml) was added to a final volume of 8 - 9 ml. 
Nickel deposition on the shuttle occurred under constant circula-
tion of the solution with 1.2 – 1.4 ml/min, at 2.6 V and a current 
between 0 – 30 µA, depending on the amount of nickel remain-
ing in the solution. After 20 – 24 h, the solution turned colourless, 
which indicates the complete nickel deposition. By weighting the 
shuttle before and after electrodeposition, the amount of depos-
ited nickel was determined. The circulation cycle and the plated 
nickel was rinsed with H2O and dried with nitrogen.  
 
Irradiation 
For irradiation a PETtrace 800 series cyclotron from GE 
Healthcare (Uppsala, Sweden) was used. Confirmation of the 
correct shuttle position in the beam line was obtained by a paper 
burn test. For that purpose, a shuttle was equipped with a paper 
and irradiated for 16 s with 5 µA at 13.2 MeV.  
Several irradiation conditions were tested. The initial 16 MeV 
beam was degraded by different aluminium foils. Using 320, 500 
and 820 µm foils resulted in beam voltages of 14.5, 13.2 and 
11 MeV, respectively [68]. The irradiation took up to 5 h and cur-
rent values between 20 – 30 µA were tested. The temperature 
range of cooling water and helium was set to be at approx. 20 ± 
5 °C. 
 
Purification and preparation of 64Cu 
After an overnight decay, the irradiated target was dissolved with 
HCl (5 ml, 6 M) at 90 °C shuttle temperature over 1 h. A BioRad 
Econo-Column with AG1-X8 chloride form resin (200-400 mesh, 
BioRad, Hercules, California, USA) was loaded with the solution. 
In three steps, unreacted nickel, co-produced cobalt and copper 
product were eluted with 6 M HCl (30 ml), 4 M HCl (15 ml) and 
0.1 M HCl (9 ml), respectively. The 64Cu fraction was delivered 
to the TADDEO module and evaporated to dryness at 160 °C in 
1 h under a constant nitrogen flow, and finally re-dissolved in 
400 µl. 
To recover the decayed 64Ni, the first fraction was loaded on the 
AG1-X8 resin, eluted with 6 M HCl (30 ml), evaporated to dry-
ness, re-dissolved in H2O (20 ml), evaporated to dryness, re-
dissolved in ethanol (15 ml) and evaporated to dryness. The 
residue was retreated with HNO3 (2 ml, 6 M) and further pro-
cessed as previously explained, to prepare the electrochemical 
64Ni solution. 
 
Characterization  
The pH of the copper fraction was determined with a pH meter 
by Mettler Toledo (Greifensee, Switzerland). All three purification 
fractions were analysed with gamma spectroscopy (GC2020-

CP5SL, Mirion Technologies (former Canberra) GmbH, Rüs-
selsheim, Germany) with the Gamma Analysis S501 software), 
to calculate the overall radionuclide composition of the produc-
tion run and to determine the 64Cu purity. Using an ISOMED 
2010 dose calibrator (MED Nuklear-Medizintechnik Dresden 
GmbH, Dresden, Germany), final product activity and half-life 
was verified. The specific activity of 64Cu was determined via 
titration with TETA (1,4,8,11-Tetraazacyclotetradecane-1,4,8,11-
tetraacetic acid, from Macrocylics, Dallas, Texas, USA), as 
presented by McCarthy et al.[19]. A copper stock solution in 
NH4OAc (0.1 M, pH 5.5) with a concentration of 10 MBq/30µl 
was prepared. 0.03 – 0.2 µg of TETA and 10 MBq copper stock 
solution were diluted in NH4OAc (300 µl, 0.1 M, pH 5.5) and 
incubated for 30 min at 37 °C. Radio-TLC was performed on 
ITLC-SA stripes (Agilent, Waldbronn, Germany) with NaCl 
(0.9%) as mobile phase (Rf(TETA) = 0.8 - 0.9; Rf(

64Cu) = 0.0). 
ICP-OES analysis was performed on decayed 64Cu aliquots at 
the analytical division of the Faculty for Chemistry and Pharma-
cy, LMU Munich, to determine non-radioactive metallic impurities 
(Co, Cr, Cu, Fe, Mn, Ni, Zn). 
 
Labelling  
The 6A10 Fab was conjugated with p-NCS-benzyl-NODA-GA 
(2,2′-(7-(1-carboxy-(4-(4-isothiocyanatobenzyl) amino)-4-
oxobutyl)-1,4,7-triazacyclononane-1,4-diyl) diacetic acid from 
CheMatech (Dijon, France)) in phosphate buffer (400 µl reaction 
volume, 0.1 M, pH 8.5) for 1 h at 37 °C. Not complexed chelator 
was removed using nap-5 columns (GE Healthcare, Munich, 
Germany). The conjugate was labelled with 64CuCl2 in NH4OAc 
(500 - 600 µl reaction volume, 0.1 M, pH 5.5) at 37 °C for 20 min 
followed by a nap-5 column purification. Radio-TLC on ITLC-SA 
stripes (15 – 95 mm) in citric buffer (pH 4.5) was used for quality 
control (Rf(Fab) = 0.0 – 0.1; Rf(NODA-GA) = 0.1 - 0.3; Rf (free 
64Cu)= 0.1 – 1.0). 
 
PET imaging  
The glioma cell line U87MG (American Type Culture Collection) 
was cultivated in Gibco MEM media by Thermo Fischer Scien-
tific (Munich, Germany), supplemented with Fetal Bovine Serum 
and L-Glutamine (Biochrom Berlin, Germany) and kept at 5% 
CO2 and 37 °C in a CB150 incubator by Binder (Tuttlingen, 
Germany). 5x106 U87MG cells were subcutaneously injected 
into the right shoulder of a female SCID-mouse (6-8 weeks, 20-
25 g). 14.7 MBq was injected through a tail vein catheter after a 
tumor growth time of 12 days. Under constant anaesthesia 
(Isoflurane Vet. Med. Vapor, Drägerwerk, Lübeck) the mouse 
was scanned 4 h post injection for 70 min (60 min emission and 
10 min transmission) on an Inveon P120 µPET scanner (Sie-
mens, Munich, Germany; Inveon acquisition workplace, Sie-
mens Medical Solutions, Knoxville, USA). PET images were 
analysed with the Inveon Research Workplace software. Re-
gion-of-interest (ROI) analysis was performed using a tumor ROI 
based on 40% threshold (239 µl) and a background ROI (ellip-
soid, 100 ml) in the contralateral thigh muscle. Average ROI 
counts were calculated.All animal experiments were performed 
in accordance to the current German animal protections laws 
and protocols of the local authorities.  
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An automated 64Cu production using the first generation Alceo setup was established and 
evaluated. Volume, pH, radionuclide purity, non-radioactive metal impurities and molar 
activity of the product were determined. The CA XII targeting 6A10 Fab fragment was ra-
diolabelled with the produced 64Cu and proof-of-principle small animal PET imaging was 
performed. 
 

 


