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Introduction 

We proposed to develop and evaluate a novel therap eutic approach to breast cancer, which m ay be  

effective at any stage o f tum or developm ent, but whic h would be m ost relevant to advanced dissem inated 

disease. We will combine a novel tumor vascular target with new radioarsenic chemistry to generate a platform 

technology encompassing tumor detection, dosimetry, and radio immunotherapy (RIT). Recently, Thorpe et al. 

identified phosphatidylserine (PS) as a new vascular target and generated an  antibody (3G4) (1-3). It is thought  

that PS is exposed on tum or vasculature due to stress c onditions in the tum or microenvironment. Externalized 

PS is a desirable m arker for tumor targeting for several reasons: 1) PS is specifica lly and abundantly expressed 

on tumor vascular endothelium; 2) it is present on a high percentage of tumor endothelial cells in various solid 

tumors; 3) it is absent from  normal vessels; 4) it is on th e luminal side of tum or endothelium, which is readily 

accessible for targeting drugs. Since this target should be ubiquitous among tumors, we believe PS can form the 

foundation for a potent new anti breas t cancer therapy. 3G4 has been de veloped as Tarvacin (a human 

chimerized monoclonal antibody, which has recently been given the USAN na me bavituximab) by Peregrine 

Pharmaceuticals, who now have an IND to initiate Phase 1 clinical trials based on direct the rapeutic efficacy 

(4). However, at m uch lower doses,  we believ e Tarvacin may be used to detect breast tum ors using positron 

emission tomography (PET) and treat them by radio immunotherapy base d on arsenic radi onuclide ligands. 

Such system ic therapy should effectively target disse minated disease, yet provi de highly localized tumor  

specific toxicity. 

To efficiently apply bavituximab to breast canc er, we will use radioisotopes of arsenic. Multiple isotopes 

are av ailable with d iverse ch aracteristics m aking them  suitab le f or n uclear m edicine im aging and radio 

immunotherapy. Arsenic-74 has a lo ng half-life (~18 days) and positron em itting activity making it suitable for 

PET in anim al models, while 72As would be su itable in the  clinic (5-7). Meanwhile, 77As is a pure β-emitter, 

potentially suitable for radio imm unotherapy (RIT). Jennewein and Rösch (consultants) have developed novel 

chemistry to effectively isolate arsenic radionuclides from irradiated germanium targets and generate ligands of 

radio a rsenic on antibo dies to targ et breast tumors. To date dosimetry has been a m ajor obstacle to effective 
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RIT, since the pharm acokinetics and accumulation in tumors of m Abs can be high ly variable. We believ e we 

can establish a novel approach  for tumor detection (both primary and metastases), w hich will allow analogous  

chemistry for targeted radio immunotherapy.  

It should be noted that the antibody Tarvacin has now been formally named bavituximab. 

Body and Progress 

Phase 1  Optimize Tarvacin labeling with arsenic radionuclides for imaging, 

biodistribution, and radio immunotherapy. 

Task 1  Months 1-4- continued in year 3 as we seek to optimize procedures. 

a) Tarvacin (a hum an chimeric anti phosphatidylserine  (PS) m onoclonal antibody (available by collaboration 

with Peregrine Pharmaceuticals) will be deri vatized with N-succin imidyl S-acetylthioacetate (SATA), labeled 

with the radionuclide 77As, and evaluated for activity.  

Arsenic-77 is a 100% β- e mitter which could be a possible new candidate in rad ionuclide th erapy, e.g., 

intravascular radiation therapy (IVRT), or radio-immunotherapy (RIT). This radionuclide can be produced from 

natural germanium in nuclear reactors through the neutron induced nuclear reaction, 76Ge (n, γ) 77Ge, where 77Ge 

decays to 77As with a half life of 11.3 h. Dr. Sun negotiated supplies of 77As from the nuclear reactor facility at 

the University of Missouri (MURR) courtesy of  Dr. Ca thy Cutler. During years 2 and 3 our radiochem ist, Dr. 

Guiyang Hao has continued developm ent of radiochem istry. Our consultant  Dr. J ennewein v isited Dallas  to 

train Dr. H ao in  labe ling procedu res. The e fforts h ave led  to a m anuscript subm itted to Applied Radiation 

Isotopes (appended) and further manuscripts are in prep aration. Recent m ethods ar e described as follows, 

developing further on the experience reported for Year 2. Ce rtain critical parameters have been identified, such 

as critical pH adjustments during labeling procedures to avoid premature oxidation of AsI3. 

 Recently,  Jennewein et al. (2005) described a m ethod to separate no-carrier-added (nca ) arsenic iodide, 

[77As]AsI3, from  an irradiated  GeO 2 m atrix in a hydrofluoric acid m edium using a polystyrene based solid–

phase extraction system (ENV ca rtridge) and KI solution. [ 77As]AsI3 was prepared by following the same  
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procedure. Briefly, irradiated GeO 2 targets were dissolved in 5 m l conc . HF at ro om tem perature for 1  h . 

Subsequently, 20 mg NaI was added into 1 mL HF solution containing 77Ge/77As and stirred for 10~30 min. The 

mixture was transferred to an ENV solid phase extr action cartridge. The ENV car tridge was preconditioned 

with 5 ml of MeOH, 5 m l H2O and 5 ml conc. HF containing 50 m g NaI. The nca 77AsI3 was fixed to the solid 

phase, while the m acroscopic [GeF 6]2- was eluted quantitatively with the mobile phase. After the fixation of 

77AsI3, excess HF was rem oved with a dry N 2 flow over the cartridge for 1 hr. The elution of 77AsI3 was 

performed with anhydrous ethanol. In year 1 and 2 we achieved maximum yields of 10 to 15%, which has been 

improved during the past year up to 23% (without decay correction). 

All reagents and solvents were purchased from Pierce,  Sigma-Aldrich (St. Louis, MO) and used as receiv ed 

unless otherwise noted. As-77 was purch ased from University of Missouri, Colum bia (Columbia, MO). Cu-64 

was purchased from University of Wisconsin (Madison, WI). Milli-Q water (18 M Ω-cm) was obtained from a  

Millipore Gradient Milli-Q water system (Billerica, MA). Centricon filters (YM-10: MWCO 10 KDa; YM-30: 

MWCO 30 KDa) wer e purcha sed f rom Millipore, dialys is tub ing f rom Spectru m Laboratories  (Ranch o 

Dominguez, CA). The desalting co lumns (D-Salt Exc ellulose Desalting Colum ns, 5×5 m L) were purchased 

from Pierce. Radio-HPLC analysis was perform ed on an Agilent 1100 Series system  equipped with 

LDC/Milton Roy UV monitor III at 254 nm and a ‘Gabi’ NaI radiation monitor from Raytest. 

Preparation of 77AsI3 

Method 1. Irradiated germanium oxide targets were disso lved in 5 m l conc. HF at room  temperature for 1 h. 

Subsequently, sodium iodide was added into 1 mL HF solution containing 77Ge/77As and stirred for 10 min. The 

amount of NaI was used with a sm all spatulas a mount. The mixture was transferred to an ENV solid phase 

extraction cartridge. The ENV cartridge was preconditioned with 5 ml of MeOH, 5 m l H2O and 5 ml conc. HF 

containing NaI. The nca 77AsI3 was fixed to the solid phase, while the m acroscopic [GeF 6]2- was eluted 

quantitatively with the mobile phase. After the fixation of 77AsI3, excess HF was removed with a nitrogen-flow 

over the cartridge for 1h. The elution of 77AsI3 was performed with 500 µL of ethanol.  



The whole process to p repare 77AsI3 according the m ethod of Marc Jen newein is shown in Fig. 1. 77AsI3 

retained in ENV cartridge very  well even after around 5 h N 2 flow dry. During the fina l elution of cartridge, 

water should be avo ided because the hydrolysis of 77AsI3 easily occurred. Therefore, we used  ethanol to elu te 

the cartridge. Because the first 2 drops of ethanol eluent contained a lot of I2, it was collected separately and the 

left 0.5 mL ethanol eluent would be used for the following radiolabeling reaction.  

Figure 1. Process of 

preparing 77AsI3   (typical 

results in year 2) 

Dissolve irradiated GeO2
target in 5mL HFconc. for 1h

Add NaI to HF solution

[77AsF6] - ?  77AsI3
76/77Ge? [76/77GeF6]2-

77As? [77AsF6] - Pass ENV cartridge 
(Pre-activated by 5mL of methanol, 5mL

of H2O and 5mL HF with  50mg NaI)
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lts in year 3) 

 

 

 

 

 
[76/77GeF6]2- in eluent77AsI3 retained in ENV cartridge

 

 

 

 

Figure 2. Process of 

preparing 77AsI3   

(enhanced yield achieved 

in resu

Dissolve irradiated GeO2
target in 5mL HFconc. for 1.5 h

76/77Ge→[76/77GeF6]2-

77As→[77AsF6] -

Add 30 mg NaI to HF solution

3[77AsF6] - → 77AsI

Pass ENV cartridge 
(Pre-activated by 5mL of methanol, 5mL

of H2O and 5mL HF w g NaI)ith 50m

77AsI3 retained in ENV cartridge [76/77GeF6]2- in eluent

Use strong N2 flow to remove
remaining HF in cartridge

Wash cartridge by
800 μL ethanol

77AsI3 in ethanol

1344 μCi,  Start (0min)

639 μCi, 48% (55 min)

310 μCi in 0.7 mL ethanol eluent

Yield: 23% (235 min)

560 μCi, 42% (230 min)

* No decay correction.

03/27/09

Use strong N2 flow to remove
remaining HF in cartridge

Wash cartridge by
600µL ethanol

77AsI3 in ethanol

1379 µCi,   Start (0min)

718µCi, 52% (90min)
538µCi, 39% (90min)

26 µCi in the first 2 drops of ethanol eluent

170 µCi in the other 0.5mL ethanol eluent, 12% (6h 30min)

632µCi, 46% (6h 20min)

* No decay correction.
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Conjugation and Radiolabeling of Bavituximab by 77AsI3 

Proteins in cluding bavituxim ab and rituxan were SATA  modified according to th e protocol of Pierce 

Endogen. Deprotection of the sulfh ydryl groups of the antibody derivative using hydroxylam ine was done 

directly before the labeling. The num ber of free th iol groups per antibody m olecule was m easured using 

Ellman’s reagent and  by comparison with cys teine-based s tandards. Th iolated pro tein in  PBS was com bined 

with the nca 77AsI3 solution at 37ºC for 30 m in. 77AsI3 couples to one -SH functionality with elimination of HI. 

Quality control of the an ibody labeling was done by HP LC and TLC (thin layer chro matography). The HPLC 

column was a Bio SuiteTM 125 10µm SEC, 300 ×7.8 mm a nd 0.1M PBS + 0.1 M NaCl was used as solvent at a 

flow of 1

t

 mL/min. ITLC was done on I TLC paper with 10 mM PBS as eluent. The labeling yields varied fro m 

0~4

g

tor for  

rification on PD-10 

olumn and concentration with Amicon centrifuge tube yielding 10 µCi 77As-Bavituximab. 

7%.  

During the addition of 77AsI3 ethanol solution to the thiolated protein solution, several agents were tried to 

remove excess I 2 in 77AsI3 ethanol solution. Although TCEP could gi ve m uch higher labeling efficiency 

(~70%), it could break the S-S bonds in the protein and impair the bio-activity. Na 2S2O5 and Na 2SO3 could 

remove excess I2 efficiently like TCEP. The following labeling yi elds really depend on the am ount of thiolated 

proteins ad ded. Hydroxylam ine, tyrosine, 4 -hydroxyphenyl acetic acid, and Na 2S2O3 didn’t work for this  

purpose. For in vivo study, high specific activity of labeled protein is essential. However, less protein will lead 

 conditions of 77AsI3 

to th iolated prote in 

would be the m ost 

critical fac

to lower labeling yields (<5%) insufficient for injection. Therefore, highly efficient labelin

future use.  

Figure 3 Removal 

of free 77As. Trace 

at left indicate 7% labeled material before purification which was enhanced to 92%  after pu

c

0 50 100 150 mm

TLC

0 50 100 150 mm
0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0
C/mm *1000

F
r
o
n
t

O
r
i
g
i
n

R
e
g
 
#
1

R
e
g
 
#
2

77As-Bavi

Free 77As

0 50 100 150 mm

TLC

0 50 100 150 mm
0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0
C/mm *1000

F
r
o
n
t

O
r
i
g
i
n

R
e
g
 
#
1

R
e
g
 
#
2

77As-Bavi

Free 77As

Integration C:\GINA_NT\HAO\AS\2009032704.RTA, 2009032704.rta

0 50 100 150 mm

TLC

0 50 100 150 mm
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0
C/mm *1000

F
r
o
n
t

O
r
i
g
i
n

R
e
g
 
#
1

R
e
g
 
#
2

77As-Bavi

Free 77As

Integration C:\GINA_NT\HAO\AS\2009032704.RTA, 2009032704.rta

0 50 100 150 mm

TLC

0 50 100 150 mm
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0
C/mm *1000

F
r
o
n
t

O
r
i
g
i
n

R
e
g
 
#
1

R
e
g
 
#
2

77As-Bavi

Free 77As



6 

o 1, although 10 to 1 gave poorer result that 5 to 1. Using less Na2SO3 gave better yields as 

Table 1 

 

 

 

 

 

 

 

Bio

 

Various molar ratios of SATA to bavituximab were tested ranging from 5 to 1 to 15 to 1. The best labeling yield 

was found for 15 t

shown in Table 1 

Ratio Bavi-SH Conc.

(mg/mL)
NaNa22SS22OO55

(mg)
Bavi-SH 

(mL)
77AsI3 (mL) Yield(%)

5:1 1.17 0.54 1.2 0.1 15

10:1 1.18 0.54 1.2 0.1 7

 

distribution of 77As-Bavituximab  

All anim al studies were perform ed in com pliance w ith gu idelines se t by the UT Southwester n Anim al 

Studies Committee. The injec tion doses were prepared by diluting the purified 77As-Bavituximab with 10 mM  

PBS buffer  and add 1 .2 m L of 2.1 m g/m  β2-glycoprotein I. Breast tum or-bearing m ice (2 weeks post 

implantation) were injected with 100 μL of 77As-Bavituximab (~3 μCi/mouse) and 0.2 m g β2-glycoprotein via 

the tail vein. The anim als were sacrificed at 24 and 69 h post-injection (p.i.). Organs  of interest (blood, lung, 

liver, kidney, spleen, muscle, fat, hear t, stomach, small intestine, large intestine, b one, brain, tail,  and tumor)  

were removed, weighed, and counted. Standards were prepared and counted along with the samples to calculate 

the percent injected dose per gram tissue (%

L

ID/g) and percent injected dose per organ (%ID/organ). Just before 

e.  dissection, the autoradiography was don

15:1 1.11 0.54 1.2 0.1 17

Ratio Bavi-SH Conc.

(mg/mL)
NaNa22SS22OO55

(mg)
Bavi-SH 

(mL)
77AsI3 (mL) Yield(%)

5:1 1.17 0.54 1.2 0.1 15

10:1 1.18 0.54 1.2 0.1 7

15:1 1.11 0.54 1.2 0.1 17

Ratio Bavi-SH Conc.

(mg/mL)
NaNa22SOSO33

(mg)
Bavi-SH 

(mL)
77AsI3 (mL) Yield(%)

5:1 1.17 0.36 1.2 0.1 16

10:1 1.18 0.36 1.2 0.1 12

15:1 1.11 0.36 1.2 0.1 25

Ratio Bavi-SH Conc.

(mg/mL)
NaNa22SOSO33

(mg)
Bavi-SH 

(mL)
77AsI3 (mL) Yield(%)

5:1 1.17 0.36 1.2 0.1 16

10:1 1.18 0.36 1.2 0.1 12

15:1 1.11 0.36 1.2 0.1 25



Autoradiography of 77As-Bavituximab 

 Autoradiography was performed on a PerkinElm er Cy clone storage phosph or sy stem with OptiQuant software 

(Waltham, M A). The ani mal model w as e stablished by subcutaneous injection of a cell suspension in to the right b ack 

flank of mice. During the study, each mouse receiv ed ~5 μCi of the 77As-Bavituximab intra venously (n=2). The mice 

te plate for 1 hr of exposure before sacrifice 

 breast tumor-bearing mice at 

 

 

b 

in breast tumor-bearing mice at 24 hr p.i. 

(n=2) 

 

 %ID/organ values of 77As-

Bavituximab in breast tumor-bearing mice at 

69 hr p.i. (n=3) 

 

were anesthetized and laid dorsally on the phospha

  

Figure 4. %ID/organ values of 77As-
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Figure 5. %ID/g values of 77As-Bavituxima
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ximab in breast tumor-bearing mice 

 

t tumor-bearing mice at 24  

h and 69 h p.i. 

  

 

 

ce copper has isot opes suitable for both P ET and radio 

 as proposed in our project for 74As (or 72As) and 77As. Initial data look very 

pro

 

Figure 7. %ID/g values of 77As-

Bavitu

at 69 hr p.i. (n=3) 

 

 

 

            

Figure 8. Autoradiography of 77As-

Bavituximab in breas

 

 

 Given initial difficulties with e ffective labeling of antibody with 77As we have also tested derivatization 

with 64-Cu. This could provide a para llel approach sin

immunotherapy (64Cu and 67Cu) just

mising as the foundation for an alternate approach. 

Preparation of DOTA-Bavituximab 
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tuximab conjugate is  straightforward according to the well estab lished 

met

b by 64Cu

The preparation of the DOTA-Bavi

hod. In order to remove the sm all molecules and dimm ers, the conjugate was purified by HP LC with size 

exclusion column. The fractions were collected and concentrated for radiolabeling.  

Radiolabeling of Bavituxima  

64Cu-DOTA-Bavituximab was labe led in 50 -60% labeling yields and 98% radioc hemical purity after Bio -

Spin column purification. The labeling yields can be in creased to more than 95%, if more DOTA-Bavituxim ab 

is added into 64Cu solution.  

Biodistribution of 64Cu-DOTA-Bavituximab: It was shown in Fig. 9 that Cu-DOTA-Bavituximab had hi gh 

The uptake in liver, kidney, and other normal tissues except spleen w as 

64

tumor uptake (6.6 %ID/g) at 24 hr p.i. 

low. More time point experiments are expected.  

of 64Cu-DOTA-Bavituximab

Figure 9. %ID/organ values of 64Cu-DOTA Bavituximab in mice bearing breast tumor at 24h p.i. (n=3) 

Autoradiography  

e can see the tum or clearly after 1h p.i. The tum or was in large s ize because these m ice had already been 

ultured for around 5 weeks. Mi cro-PET/CT research with 64Cu-DOTA-Bavituximab in breast cancer model 

can be planned.  
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Figure 10. Autoradiography of 64Cu-DOTA-

Bavituximab in tumor mice: 

Tumor

PhantomMouse #1 1 hr

#1 24 hr

Mouse #2 24 hr

Top mouse #1  1 hr p.i.  

Center #1 at 24 hr p.i.  

Bottom mouse #2 at 24 hr p.i.  

 

 

 

 

 

 

 

 

 

 

Task 2 Months 5-6  Tarvacin derivatization with 74As. We anticipate that the chemistry of any arsenic 

radionuclide will be identical. 77As will also be the isotope of choice for rad io im munotherapy in Phase 3.  

Imaging based on Positron Em ission Tomography (PET) will require 72As or 74As. Ultimately, 72As would be  

the isotope of choice for clinical applications, but 74As has a m uch longer half -life m aking it ideal for 

investigations in animals. Since the only source of 72As or 74As is currently in Europe, the long half-life of 74As 

(t1/2 ~ 18 days) is particularly valu able to ensu re effi cient use following transportation. W e will verify that 

methods developed with 77As apply to 74As. Biodistribution will be asse ssed in each of six tumor bearing mice 

at 2 different times to confirm consistent behavior with 77As labeled Tarvacin. (12 mice). 

 We had postponed 74As studies since we were prom ised supplies from the DOE rea ctor at Los Alam os 

National Laboratory: see appended letter form Dr. Wolfgang Runde, Isotope Program, Manager, U.S. 

10 
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Department of Energy. Unfortunately, th e laboratory finally inform ed us in December ‘08 that they would not  

after all be able to ship us any 74-As. We will therefore return to the original plan of obtaining shipments from 

Europe. Dr.  Hermanne from Brussels has confirm ed his willingness to provide 74 -As, as per attached  letter. 

While frustrating, the delay is not entirely disadvantageous, since UT Southwestern has made major advances in 

radiochemistry facilities and P ET/CT during 2008. W e are now far be tter equipped to  undertake the  

radiolabeling and tomographic imaging. In fall 2008 a new Siemens Inveon PET/CT instrument arrived and was 

commissioned. Dr Sun also occupied new state of the art radiochemistry labs, which we believe we will grea tly 

accelerate our research and achieve the original goals during the requested 1 year no-additional cost extension. 

 

Phase 2 Detection of diverse primary breast tumors and evaluation of metastatic spread using radio 

arsenic labeled Tarvacin.  

Task 3  Months 7-12   Determine ability to detect human breast tumor xenografts in nude mice. 

MDA-MB-231-Luc (luciferase expressing) and MDA-MB-435-Luc cells will be implanted in mammary fat pad 

(MFP) of  mice and a llowed to grow. Growth will be monitored using  calipers and bioluminescence imaging 

(BLI). When tumors reach 0.5 cm diameter 74As-SATA-Tarvacin (100 μCi) will be administered IV to half the 

mice and distribution of agent will be  assessed every 12 h using planar γ-scintigraphy. After 60 h sm all animal 

PET will be  used to  quantify biodistribution in vivo. At this stage, the d osed mice will be  sacrificed to a ssess 

biodistribution ex vivo. The rem aining animals will b e further monitored by BLI a nd are expected to dev elop 

lung metastases, which will b e visualized by BLI. Once metastatic spread is apparent (typically, when prim ary 

tumors reach ~ 1 cc) 74As-SATA-Tarvacin will again be adm inistered to assess the ability to de tect metastases 

using PET. Following P ET, mice will be sa crificed to determine biodistribution ex vivo and examine extent of 

metastases histolog ically. W e will also label Rituxim ab, a comm ercial non-v ascular targeting chim eric 

antibody, as a control (12 tumors x 2 tumor types x 2 different antibodies = 48 nude mice) 

We have generated and tested highly expressing MDA-MB-231-Luc tumor cells, which will be required  

for the radio tracing studies and PET. 
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Figure 11 Bioluminescent image of MDA-MB 231 tumor growing in nude mouse 

 

Task 4   Month 12      Prepare annual report and manuscript. 

Report approved previously. 

 

Task 5 Months 13-15   Determine ability to detect breast cancer in a bone metastasis model. 

 Bone metastases will be induced by i ntra cardiac injec tion of MDA-MB-231 and -435 luciferase expressing cells. 

Should this fail, we will implant cells directly in the femur of nude mice. Tumors will be allowed to grow and BLI will be 

performed twice weekly. Once BLI shows evidence for tumor growth as models of metastasis, 74As-SATA-Tarvacin will 

be administered IV, as for Task 3 and t he ability to detect the tu mors will be assessed using γ-scintigraphy and PET. (6  

tumors x 2 types = 12 nude mice)  

 

Task 6  Months 16-24   Assess ability to detect syngeneic breast tumors in immuno competent rats. 

13762NF and MTLn2 rat tum ors will be im planted in m ammary fat pad of Fisher ra ts. When primary tumors 

reach 1 cm diameter 74As-SATA-Tarvacin will be adm inistered IV and biodistribution assessed  in vivo using 

PET after 24 and 60 h. Rats wi ll then be sacrificed for ex vivo biodistribution and pat hological examination of 

metastases expected in the lungs and lymph nodes, respectively. Separate cohorts of rats will be examined when 

primary tumors reach 1.5 and 2 cm diameter at which time metastases are expected. (6 tumors x 2 tumor types x 

3 sizes = 36 rats). 



Prior to extensive radionuclid e imaging of rats we have conducted initial  tests for proof of principle. W e have 

examined biodistribution of 77As –bavituximab in control non-tum or bearing rats. Rats survived administration 

and biodistribution of antibody was feasible.  
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Figure 12 Biodistribution of [77As]SATA-bavituximab in rat 

As proof of principle [77As]SATA-bavituximab was injected IV in non-tumor bearing rat with sacrifice at 4 hr. 

Thorpe has previously shown that PS is exposed in essentially every tum or type investigated (2). Prior to 

nuclear imaging studies we tested for exposure of PF in rat breast tumor (Figure 13). The panels show section of 

13762NF syngeneic rat breast tumor form a Fisher rat. Bavituximab or C44 were infused into tumor bearing rats 

and tumors excised 24 h later. P rior to excision anesthetized rats were perfused with  saline to remove unbound 

antibody. Panels a and d show tum or vasculature based on CD31- staining. Panels b and e show retention of 

antibody. B  shows extensive bavituxim ab uptake, which is seen to be asso ciated with blood  vessel in the 

overlay image c. C44 was not detect. C and f show overlays and inclusion of DAPI staining for nuclei. 

Frozen sections were prepared and fixed with acetone. Mouse anti-rat CD31 and biotin labeled goat anti-human 

antibodies were used and followed by cy2 labeled streptavidin and cy3 labeled goat anti-mouse 
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Figure 13 Expression of PS in 13762NF rat tumor 13762NF 

a                                   b                           c

d                                  e                            f                      

a                                   b                           c

d                                  e                            f                      

  

Task 7   Month 24   Prepare annual report and manuscript. 

Report provided last year. 

 

Phase 3 Evaluate Tarvacin based radio immunotherapy of breast tumors.  

Task 8   Months 25-30  

Assess response to single dose RIT using  77As-SATA-Tarvacin. Implant 231-Luc cells in m ammary fat pad of 

mice. When tumors reach 0.5 cm  diameter infuse single do se of either 200 or 400 μCi 77As-SATA-Tarvacin. 

Assess growth based on calipers (prim ary tum or) and bioluminescence im aging (prim ary + m etastases). 

Sacrifice mice when tumors reach 1.5 cm diameter. Compare growth rates with control untreated tumor bearing 

mice. Com pare prevalence of m etastases at autopsy. Investigation will be repeated with MD A-MB-435-Luc 

tumors. (2 tumor types x 6 tumors x 3 doses (control and two doses) = 36 mice)  

Investigations to be undertaken duding proposed no-cost extension. 

14 
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Task 9   Months 24-34 Compare response to repeat dose RIT using 77As-SATA-Tarvacin. 

Implant luciferase transfected 231-Luc cells in mammary fat pad of m ice. When tumors reach 0.5 c m diameter 

divide into separate groups. 

i) infuse 77As-Tarvacin twice weekly for 3 weeks and assess growth, as for Task 8. 

ii) infuse single dose 77As-SATA-Tarvacin as for Task 8, followed by non radioactive T arvacin at 

therapeutic dose (100 μg/kg) twice weekly for three weeks. 

iii) infuse Tarvacin at therapeutic dose (100 μg/kg) twice weekly for three we eks. Assess growth based on 

calipers (prim ary tum or) and bio luminescence im aging (prim ary + m etastases). Sacrifice m ice when 

tumors reach 1.5 cm  diam eter. Compare grow th curv es w ith control untreat ed tumor bearing m ice. 

Compare prevalence of m etastases at autopsy.  Investigation will be rep eated with MDA-MB-435-Luc 

tumors. (2 tumor types x 6 tumors x 3 treatments mice = 36 mice) 

Investigations to be undertaken duding proposed no-cost extension. 

Task 10 Months 34-36 Prepare manuscripts and final report.  

3rd year report provided here in place of final report, since request has been submitted for no- coat extension. 

KEY RESEARCH ACCOMPLISHMENTS:   

• Improved yield of isolated 77AS 

• Opened new state of the art radiochem istry laboratories with additional fum e hoods, lead shielding and 

adjacent animals housing. 

• Commissioned new  commercial PET/CT:  Siemens Inveon PET/CT Multimodality System 

• Purchased and installed new optical im aging instrum ents with vastly superior  sensitivity: Caliper  

Xenogen Spectrum and Lum ina which will allo w detection  of sm aller tumor burdens for com parison 

with PET and assessment of metastatic tumor spread. 



 

 

 

 

 

 

 

 

 

Figure 14: New radiochemistry facility at UT 

Southwestern: top left shielded hoods; top 

right hot cell; lower left PET/CT. 

 

 

REPORTABLE OUTCOMES during year 3:  Manus cript subm itted reg arding enhanced  procedur e f or 

isolating 77As (appended): 

“Separation and purification of no carrier added arsenic from bulk amounts of germanium being adequate to 

radiopharmaceutical labeling chemistry”, M. Jahn, V. Radchenko, D. Filosofov, H. Hauser, M. Eisenhut, F. 

Rösch, M. Jennewein, Applied Radiation Isotopes, submitted 2009 
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CONCLUSION:  We have verified the ability to generate and isolate 77As based on activ ation of germanium 

oxide in a nuclear reactor.  The current yield is lower than antici pated and we are exam ining m ethods of 

increasing the yield. We secured a ne w supply from  MURR, which is able to generate m uch higher doses of 

77AS. We have demonstrated the ability of bavituximab (Tarvacin) to localize in rat breast tumor, as detected by 

immuno histochemistry, which is a crucial foundation for in vivo studies in rats. T hese new results provide a  

foundation indicating that the project will be successful.  

 We have requested a 1 –year no- ad ditional cost extension. There were several reas ons for delays in the 

investigations: i) we had hoped to ob tained supplies of the arsenic-74 from the Los Alamos National Labs. This 

would potentially have saved funds (the US dollar had slipped severely in va lue), kept funds in Am erica, eased 

logistic issues with Homeland Security re importation of isotopes. We were surprisingly informed in December 

2008 by Donna Smith, PhD Isotope Program, LANL Program Manager that this would not after all be possible. 

We have again contacted Dr. Hermanne , Director of the Cyclotron in Bru ssels, who is willing and eager to 

supply us with 74As. Our Office of Environm ental Health and Safe ty h as ver ified with Fede ral Expre ss th at 

transportation and importation will be feasible. A new letter  is appended with overall cost  quite similar to that 

quoted in th e original grant application in 2005; ii) a new radiochemistry laboratory has been built, equ ipped 

and furnished to enhance investigations; iii) a ne w Siem ens Inv eon PE/CT was purchased,  ins talled a nd 

commissioned during  winter 2008 /9, which will enh ance the sensitivity  and resolution  of PET and allow 

correlation with anatomical CT. 

 

References 

1. Huang, X., Bennett, M., and Thorpe, P. E. A m onoclonal antibody that binds  anionic phospholipids on 

tumor blood vessels enhances the antitumor effect of docetaxel on human breast tumors in mice. Cancer 

Res, 65: 4408-4416, 2005. 

2. Ran, S., Downes, A., a nd Thorpe, P. E. Increased  exposure of anionic phospholipids on the surface of 

tumor blood vessels. Cancer Res., 62: 6132-6140, 2002. 



18 

3. Ran, S. and Thorpe, P. E. Phosphatidylserine is a m arker of tumor vasculature and a potential target for 

cancer imaging and therapy. Int. J. Radiat. Oncol. Biol. Phys., 54: 1479-1484, 2002. 

4. Peregrine http://ir.peregrineinc.com/phoenix.zhtml?c=74236&p=irol-

newsArticle&ID=696919&highlight=. 

5. Jennewein, M., Maus, S., Qaim, S. M., and Rösch, F. A new 72Se/72As isotope generator based on solid 

phase extraction. J Lab Comp Radiopharm, 46: 282, 2003. 

6. Jennewein, M., Schm idt, A., Novgorodov, A. F., Qa im, S. M., and Roesch, F. A no-carrier-added 

72Se/72As radionuclide generator based on distillation. Radiochim. Acta, 92: 245-249, 2004. 

7. Jennewein, M., Qaim , S. M., Herm anne, A., Tsyga nov, E., Slavine, N., Seliounine, S., Antich, P. P., 

Kulkarni, P. V., Thorpe, P. E., Mason, R. P., and Rösch, F. A New Method for the Radiochem ical 

Separation of Arsenic from Reactor and Cyclotron Irrad iated Germanium Oxide. Appl. Rad. Isotop, 63: 

343 -351, 2005. 

 

 APPENDICES:   

1 Letters explaining delay in undertaking 74As PET investigations. 

2 “Separation and purification of no carrier adde d arsenic from bulk a mounts of ger manium being 

adequate to radiopharmaceutical labeling chemistry”, M. Jahn, V. Radchenko, D. Filosofov, H. Hauser, 

M. Eisenhut, F. Rösch, M. Jennewein, Applied Radiation Isotopes, submitted 2009 

 

 

http://ir.peregrineinc.com/phoenix.zhtml?c=74236&p=irol-newsArticle&ID=696919&highlight=
http://ir.peregrineinc.com/phoenix.zhtml?c=74236&p=irol-newsArticle&ID=696919&highlight=
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From: Xiankai Sun
To: Ralph Mason
Date: Fri, May 9, 2008  5:02 PM
Subject: As-74 production at LANL

Dr. Mason,

I guess this is the best that we could get from LANL with Mike Welch's help. If you think the deal is 
acceptable, please advise how many As-74 productions are needed for your DOD BR project. I will be out 
of town in Knoxville TN (Siemens facility) from 05/11 to 05/15, but plan to send Wolfgang a proposal early 
next week.

Best,
Xiankai

>>> Wolfgang Runde <runde@lanl.gov> 5/9/2008 3:35 PM >>>
Xiankai,

I apologize for the delay in getting back to you.  I am 
debating with LANL when we can start producing As-74.  I propose to 
do a test irradiation in July, send you the target to confirm that 
the quality of the product is acceptable.  The cost estimate is about per target.

I foresee you submitting a proposal that outlines the demand for 
As-74 for your research in response to future solicitations.

I will be in South Korea next week.  I will get back to you on this 
topic the following week to hopefully come to an agreement.

Please could you send an e-mail to the Isotope Business Office 
(clinerl@ornl.gov) requesting As-74.  That way your request becomes 
an official track number.

Regards,
Wolfgang

-- 
___________________________________________

Wolfgang Runde, Ph.D.
Isotope Program, Manager
U.S. Department of Energy
Office of Nuclear Energy

Los Alamos National Laboratory
Civilian Nuclear Program Office
SPO-CNP, Mail Stop J514
Los Alamos, NM 87545
Phone:   (505) 667-3350
Fax:       (505) 667-9905

A  Schedule

Fed. Ex./Shipping Address:
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SM-30, Bikini Atoll Rd.
Drop Pt. 48 RC1 01S
Los Alamos, NM  87545
___________________________________________

CC: Jocelyn Chafouleas
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From: Xiankai Sun
To: Ralph Mason
Date: Fri, Dec 19, 2008 12:16 PM
Subject: Fwd: Re: LANL As-74

Very disappointed after such a long waiting....

>>> "Donna M. Smith" <dms@lanl.gov> 12/19/2008 12:07 PM >>>
Xiankai,

I regret to inform you that we will not be able to irradiate and ship 
a target to you from LANL in 2008.  We were unable to find a suitable 
shipping container for the target that met both of our needs before 
the beam to the accelerator (and our irradiation capability) goes 
down this weekend.  We will not have irradiation capability again at 
LANL until ~June of 2009.

I apologize that we were unable to find a suitable container and that 
I was not able to give you a firm answer back in June when we first 
discussed this.  When it was determined that your facilities did not 
have the necessary infrastructure to use our approved shipping 
container, I had hopes that we would be able to identify an 
alternative container, but after evaluating several containers from 
June through December, we still could not find a container that would 
work for both of us.  When I learned in December that our shippers 
were hesitant to use the latest container we thought might work, I 
knew there would not be time to finalize the container before we lost 
our opportunity to irradiate.  If something changes between now and 
June of 2009, I will let you know.

Sincerely,

Donna Smith
-- 
Donna Smith, PhD
Isotope Program
LANL Program Manager
J519 Los Alamos National Laboratory
Los Alamos, NM 87544

phone: 505-667-0160
pager: 505-949-0048
email: dms@lanl.gov 
cell phone: 505-629-6735



  
 
 
 

 
 
Prof. R. Mason 

Professor of Radiology 
University Texas Southwestern Medical Center 
E6.238E 
5323 Harry Hines Boulevard 
Dallas, Texas  75390- 

    
 
VUCY 14/09 

 AH/ah 
          29 April 2009 

 
 
 
Dear Sir, 
 
We are honoured to receive your request for a quotation for the production of 74As. 
The changes for the irradiation will be as follows. 
 
Production of ± 37 GBq of 74As by natGe(α,x)74As reaction. 
Estimated beam time 1 hour at 15μΑ on target, Ep= 20 MeV; cost : 900Eur 
 
A handling and measuring fee of 120Eur will be added. 
These costs are 12% overhead and 21% VAT not included. 
These taxes will have to be added if an official invoice form the Vrije Universiteit Brussels is 
needed, but can be avoided if a simple bill for reimbursement issued by our lab is sufficient.  
Payment should then be be done by transfer to a bank account of the VUB Cyclotron c/o A. 
HERMANNE. 
 
The price does not include transport or shipment, which should be organised on mutual 
agreement and paid separately. The price for one package , a type A UN2915 cardboard box 
containing a Pb shielding container, would be about 600 Eur, taxes and fees not included. The 
colli, not to be returned, will be provided by us and are estimated at 100-120Eur a piece. 
In the hope that this quotation can meet your approval and awaiting an official order stating 
number of irradiations wanted and optimal date of delivery. 
 
Best regards 
 
 
 
 
Prof. A. Hermanne 
Head of Cyclotron Department. 
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Abstract  
Radioarsenic labeled radiopharmaceuticals cou ld add sp ecial features to molecular im aging 
with positron emission tomography (PET). For example the long phy sical half-lives of 72As 
(T1/2 = 26 h) and 74As (T1/2 = 17.8 d) in conjunction with their high positron branching rates of 
88 %  a nd 29 % respecti vely, all ow the investigation of slow p hysiological or metabolical 
processes, l ike the enr ichment and biodistribution of monoclonal an tibodies (mab) in tumor 
tissue or the characterization of stem cell trafficking. A method for separation and purification 
of no carrier add ed (nca) arsenic from  irradiated metallic ge rmanium ta rgets based on 
distillation and anion exchange is developed. It  finally converts th e arsenic into an *As(III) 
synthon in PBS buffer and pH  7 suitable for labeling of proteins via A s-S bond formations. 
The method deliv ers radioarsenic in high purity  w ith separ ation factors of  1 06 fr om 
germanium and an ov erall y ield fro m target to la beling sy nthon of >  4 0%. In  a pro of-of-
principle experiment, th e monoclonal antibody Be vacizumab, d irected against th e hu man 
VEGF recep tor w as l abeled wi th a rad iochemical pur ity > 90% within 1 h  at roo m 
temperature with nca 72/74/77As.  
 
1. Introduction 
 
Arsenic: 
The ele ment arsen ic is well known as the f avorite po ison of the Savell is, th e Borgias and 
Agatha Christie  [1]. There were also speculations that Napoleon Bonaparte d ied because of  
arsenic poisoning [2]. Because arsenic is viewed as sy nonymous with toxicity it is still used 
today for homicides or suici des [3]. A wor ldwide problem  is the lo cal high po llution of 
natural wat er with arsenic und er natur al conditions or as a  resul t of addition al human 
pollution [4]. Therefore the removal of arsenic from drinking water is an important challenge.  

Despite its toxi c properti es arsenic  was us ed 2000 y ears ago by  Greek and Ch inese 
healers as therapeutic agent to treat everything from syphilis to cancer [1]. More recently, the 
use of arsenic trioxide (ATO) in European medicine increased after the invention of Fowler’s 
solution which was used for a number of systemic illnesses from 18th to 20th century. Over the 
last 1 00 years, the concerns about toxici ty and pot ential carcinogenicity o f arsenic 
administration have declined its use for medical application [5]. At the end of the last century 
it w as found th at ATO has v ery go od t herapeutic characteristics fo r t reatment of ac ute 
promyelocytic leukemia (APL) and c linical t rials have been confirmed all around the world 
[6, 7]. Some years ago ATO was approved by the U.S. Food and Drug Administration (FDA) 
as Trisenox® for this indication [8].  

Another application of arsenic radioisotopes might be its use as radio active probe in  
sub-toxic t race a mounts for biol ogical or medical purposes. The tra cer concept of  
radiopharmaceutical ch emistry a llows the app lication of no ca rrier added (n ca) a mounts of  
radioactive isotopes (e.g. of arsenic) that are used for labeling of interesting biological carriers 
like monoclonal antibodies (mab) and the imaging of their biological behavior in vivo. The 
element arsenic provides a range of isotopes for non-invasive PET imaging like 72As (T1/2=26 
h; 88% β+), and 74As (T1/2=17.8 d; 29% β+). These isotopes are produced by (p,n)-reactions on 
natural or isotopically enriched targets of metallic germanium or germanium(IV)oxide and are 
therefore av ailable in n ca stat e. Additionally, th e β- e mitter 77As (T 1/2=38.8 h; 100 % β-) i s 
produced by bombardment of the same target materials with neutrons, followed by β- decay of 
77Ge (T1/2=11.3 h; 100% β-).  
 
Separations 



Various methods for the separation of germanium and arsen ic have been reported so far. A 
collection of separating procedures for germanium and arsenic from fission products is given 
elsewhere [9-11]. The ma jority of these methods is b ased on distillat ion of germanium as 
GeCl4 fol lowed by  distillation of arsenic as As Cl3. Other m ethods w ere based on  sol vent 
extraction o r precipitation [12] of one of the two el ements. Most of these methods fail for 
radiopharmaceutical app lication because arsenic carrier w as use d, which is not in common 
with the t racer concept.  A review on the ch emical behavior of radio germanium is given by  
Mirzadeh et a l. [13],  involving separation techniques for radioarsenic.  Separation of As(III) 
from antimony and bismuth was achieved in 8 M HCl a nd extraction into b enzene [14 ]. A  
systematic study on separation of As(III) and Ge(IV) in HCl and HI systems by liquid liquid 
extraction into several solven ts was carried ou t by Brink et al. [15 ]. A n easy sep aration of  
arsenic from  germanium was a chieved by  solvent extraction of arsenic fro m sulf uric ac id 
solutions after addition of KI into toluene [16, 17]. Another strategy for the sep aration of As 
from GeO 2 in HCl  is the ox idation of As to As(V) and ext raction o f the G e into org anic 
solvents [18-20]. After the separation the As(V) is reduced again to As(III) and extracted into 
organic solvents. Tolmachev et al. [21] processed a germanium(IV)dioxide target after proton 
bombardment by dry distillation  foll owed by w et ch emistry wo rkup for additi onal 
purification. The low target l oss of less t han 1 % was mentioned as f ar as a furt her target  
recovery is not ne eded. S ome methods based on d istillation of GeCl4 are r eported whereas  
arsenic w as kept in the nonvo latile f orm of As(V) [22] followed by  solvent ex traction [23, 
24], cation exchange [25] or anion exchange [26]. Schindewolf et al. [27] absorbed Ge and Ga 
from diluted HF so lutions on anion exchange resin AG 1X8 while As(III) was not a bsorbed. 
Some more data about the behavior of As(V) in HF media [28] and mixtures of HF/HNO3 
media [29] on AG1X8 is available although data for Ga differ in [27] and [28]. The behavior 
of Ge, As(III) and As(V) in HCl media on AG1X8 is very well known from literature [30-32] 
and some data about the absorption in HCl/acetone media is available [33]. Ge and As(III) are 
strongly absorbed at h igh HCl concentrations and ca n easily be se parated from As(V) which 
shows only slight absorption. Korkisch et al. [3 4] used the sa me r esin, but HCl/a cetic acid 
medium for separation of Ge and As(III)/As(V). Arsenic behavior on cation exchange resin is 
determined by  very  low abs orption coefficients in H Cl a nd HClO 4 m edia [35]. A slightly 
higher absorption was found in HCl/acetone media [36] and in HBr media [37]. Jennewein et 
al. [38] developed a separation method for GeO2 targets based on solid phase extraction after 
dissolving the target in HFconc. The radioarsenic was fixed on a BOND ELUT ENV cartridge 
after treatment with NaI while the GeF6

2- formed in HF passed without interaction through the 
column. After drying the cartridge with nitrogen gas the radioarsenic was eluted with ethanol. 
This method so far is the only one that lead to a radioarsenic labeled mab [39] that was used 
for tumor imaging with PET in vivo [40].   
There are al so so me in teresting app roaches that are far-out the nor mal standard techniques. 
Maki et al. [41] developed a separation technique for 77Ge, 77As(III) and 77As(V) by TLC with 
and without the addition o f arseni c carrier. Caletka et  al. [42] d eveloped a sep aration 
technique based on the absorption of germanium in 8 M HCl or other mineral acids on silica 
gel columns. Under th ese conditions elements like gallium, arsenic and zinc are eluted from 
the column with 8 M HCl whereas germanium stayed on the column. 
 
Targetry 
Preliminary tests for the production of radioarsenic isotop es on GeO 2-targets at  high flux  
reactors and cyclotrons showed for long term irradiations of 1 week (reactors) or high proton 
beam currents (more than 2 µA) that, following di ssolution in HFconc, appreciable amounts of 
the ta rget ma terial formed ins oluble co mpounds as a consequence of thermal stress  and 
radiolysis. This i nsoluble co mpound was identified as ele mental germanium. H owever, 
aiming for m edical application of radioarsenic isotop es, high neutron fluxes or high proton 



beam currents n eed t o be applied  on the targets for high production yields. Therefore 
germanium metal of natural composition was chosen as target material.  
 
Approach 
The aim  of this w ork thus was to  set up a p rocedure fo r sepa ration of nca amounts of 
radioactive arsenic isotopes from macroscopic amounts (100 - 200 mg) of irradiated metallic 
germanium. The d esired high purity  of the fin al radioarsenic fraction was intended by crude 
separation of ger manium by  dist illation o f G eCl4 followed b y anion exchange 
chromatography to remove the rem aining trace am ounts of ge rmanium. Additionally, a 
separation of radioactiv e con taminations (gal lium and zinc isotop es form ed during  neutron 
bombardment [43], namely 72/73Ga and 69mZn) was considered. In cy clotron irradiations, the  
major contam ination fo und was 67Ga. The separati on of  those con taminations is very  
important as fa r as a radioarsenic based tracer for possi ble human us e must be available in  
highest rad iochemical purity. The co mbination of a  dis tillation technique wit h an anion 
exchange co lumn has b een used in a si milar s etup before [26]. Th is method lead t o a  h igh 
purity *As(V) fraction in 10 M HCl not feasible for labeling of biomolecules. The challenge 
for the labeling of mab is first to reduce the *As(V) to *As(III) and second to remove the 10 
M HCl as far as mab labeling requires a pH of around 7. For a spired in vivo experiments the 
final product needs to be concentrated to low volumes of about 500 µl or less.       
 
3. Materials / Methods 
 
Materials 
If the radioarsenic is used for labeling chemistry of proteins in nanomolar concentrations care 
must be taken that the addition of cold arsenic carrier by used chemicals is minimized. This is 
also the case as long as the radiolabeled product sh all b e used in a clinical e nvironment. 
Therefore all chemicals were purchased in the highest purity available, e.g. suprapure acids. 
Germanium metal (99.999%) was purchased from Goodfellow as a plate of 50x50x0.5  mm 
and laser-cut into discs of 9.9 mm diameter (204 mg each) and used for cyclotron irradiations. 
For reactor irradiations, germanium metal (99.9999%) was purchased from Chempur in small 
pieces rang ing fro m 1 00 - 200 mg. Con centrated nitric acid (65 %, Su prapur) and  
hydrochloric acid  (30 %, Su prapur) w ere purchased fr om VWR. CuCl (9 9.995+%) and 
chloroform (analytical grade) were purchased fro m Sig ma Aldrich. A nion ex change resin  
AG1X8 (200 - 400 mesh) was p urchased fro m BioRa d. PBS buffe r and TCE P (tri s(2-
carboxyethyl)phosphine) were purchased from Pierce. 
 
Proteins 
The monoclonal antibody Bevacizumab was chosen as a model protein for the demonstration 
of t he ab ility of t his method t o provide radioarsenic in a form suitable for l abeling of SH 
group bearing molecules. The Bevacizumab was purchased from LaRoche at a concentration 
of 25 mg/ml. Bevacizumab is d irected ag ainst the VEGF receptor an d used as a nti can cer 
agent in hu man therapy [44, 45]. Each la beling exper iment w as p erformed b y using 50 µl 
(corresponding to 1.25 mg) of the original antibody solution. The solution was fil led up with 
450 µl of PBS buffer and added to the radioarsenic solution.  
 
 
Irradiations 
The positron emitters 72As (T1/2=26 h; 88% β+) and 74As (T1/2=17.8 d; 29% β+) were produced 
simultaneously v ia (p,n )-reactions on natGe ta rgets at the Ge rman Cancer Re search Ce nter 
(DKFZ) cyclotron MC32NI in Heidelberg. Cross sect ions for the prod uction of positron 
emitting arsenic isotopes were m easured b y Spahn et al. [4 6]. D etailed decay properties of 



arsenic isotopes can be found elsewhere [38, 47,  48]. For the production of positron e mitting 
arsenic isotopes (72As and 74As) germanium discs of 9.9 mm diameter and 0.5 mm thickness 
(204 mg) were placed  into an aluminum container and covered with a 50 µm Harvard foil. 
The beam current was up to 30 µA with 15 MeV protons and irradiation time was diversified 
from 0.5 to 5 h. In tegrated loading was up to 100 µA h. This set up showed no destructi on of 
target material. As far as Ge ta rgets of n atural composition were used 70,71,72,73,74,76As are 
produced v ia (p,n) reactions. Major isotop e after 1d cooling t ime is 72As. If t he target was 
allowed to cool for 1 week the major isotope is 74As with small contaminations of 71/73As. In a 
cyclotron irradiated target any Ge isotopes formed are not useful for γ-ray spectroscopy due to 
undesirable low cross sections. The system 77Ge/77As provides a uniqu e option for detec tion 
of both elements simultaneously. The nca isotope 77As (T1/2 = 38.8 h; 100% β-) was produced 
by ( n,γ)-reaction on natGe targ et in a nuc lear r eactor. It w as used for optimization of the 
chemical separation pro cedure, determination of y ields and for the optimization of labeling 
chemistry. Detaile d cross se ctions for nuclea r reactions of  neu trons on ger manium can b e 
found elsewhere [43]. The production of 77As was carried out by irradiation of 100 - 200 mg 
germanium metal pieces for 6 h at a neutron flux of 4.2•1012 n cm-2 s-1 at the TRIGA Mark II 
reactor of the Institute of Nuclear Chemistry, Mainz. The target was allowed to cool for 18 h 
to for m 77As from decay of 77Ge and used directly  for separation. Therefore th e separation 
factors have been measured in th is system and the sa me procedure was the n applied to the 
positron emitting, cyclotron produced arsenic isotopes. 
 
Radiochemical separation 
 
Dissolving the target: The germanium target (100-200 mg) was placed in  a quartz distillation 
apparatus (Fig. 1) and 4 ml aqua regia was added. The apparatus was heated to 120°C and 
during this time the irradiated germanium metal dissolved. 
 
Distillation of GeCl4: After complete dissolution of the target the temperature was maintained 
at 120°C for distillation  of G eCl4. For accelerati on of th is pro cess a s tream of A rgon w as 
bubbled through the solution. O ver a p eriod of  1.5 h additional 6 ml of HCl (10  M) were 
added. The  GeCl 4 was t rapped in  an ice c ooled v essel containing 20 % H 2SO4. After 
completed clearance the solution was condensed to less than 500 µl. 
 
Anion exchange: The distillation solution was filled t o 500 µl with 10 M HCl. The solution  
was transferred onto  an anion exchange column (3*100  mm, AG1X8) in the chlo ride for m 
and eluted with 500 µl fractions of 10 M HCl. Arsenic *As(V) was eluted in the fractions 2 
and 3. Aft er 10 fractions the elu ent w as switched to  0.1  M HCl  for re moval of galliu m, 
germanium and zinc isotopes.  
 
Reduction of As(V) to As(III), extraction into CCl4 and back extraction into PBS-buffer: 
Fractions 2 and 3 were combined (1 ml solution) and mixed with 50 mg CuCl. Th e mixture 
was heated at 60°C for differe nt p eriods ranging from 5 to 120 minutes, with 60  minutes 
finally applied for the batch experiments. The As(III) was ext racted twice with 500 µl CCl 4. 
Combined CCl 4 fractions were extracted with 500 µl PBS-buffer containing 25  mM EDTA 
and 0.5 M hydroxylamine. 
 
Speciation of As(III) and As(V): The oxidation s tate of the radioarsenic in the CCl4 and the 
PBS fraction was deter mined by  radio TLC. 0. 5 µl of eac h fraction w as spotted on  a Si-60 
silca plate and dev eloped w ith 0 .01 M sodiu m tartrate / methanol 3 : 1. TLC p lates wer e 
analyzed using an Instant Imager from Packard.  
 



Determination of radiochemical purity and radiochemical separation yields: The 
radiochemical p urity and separation yield were deter mined b y γ-ray spectr oscopy. Th e 
activity of t he und issolved Ge target and  of 500 µl  aliquots of th e s olution after each step  
were measured in th e s ame g eometry and co mpared qu antitatively. The γ-ray spect roscopy 
was performed using an Ortec HPGe detector system and Canberra Genie 2000 software. For 
the 77Ge/77As-system, the two nuclides were determined by their most abundant γ-lines of 239 
keV (1.6 % ) for 77As and 264 keV (53.9 %) for 77Ge. As long a s 77Ge has a much higher 
gamma emission rate compared to 77As i t is clea rly visible in t he target spectrum but c ould 
not be detec ted in the purified frac tion. Care was ta ken that the d ead time of th e detector 
remained always be low 10 %. The irra diated ta rget wa s measured in 1 m distance t o th e 
detector for 15 min, wherea s t he purified fraction was m easured fo r 12 h directly on  the 
surface of the detector. All data were normalized to th e time point of the first acquisition by 
the acquisition software. 
 
Labeling of Bevacizumab: The 500 µl of the purified radioarsenic solution in the PBS fraction 
was co mbined w ith 500 µl of Bevacizumab solution (1.2 5 mg, 8  n mol). 10  µl of TCEP 
(10 mg/ml, 420 nmol) were added and the mixture was allowed to stand at room temperature 
for 1 h. At various time points aliquots were taken for analysis and detection of labeling yields 
via gel filtration HPLC (HiTrap desalting column) or radio TLC.  
 
 
4. Results/Discussion 
 
 
Irradiations 
 
Under the chose n conditions, the n eutron irradiations at the TRIG A Mark II reactor Mainz 
resulted in about 4 MBq 77As and about 2 MBq 77Ge a t be ginning of target worku p (18 h 
EOB) for a 150 mg Ge target. The 72Ga (T1/2=14.1 h) and 69mZn (T1/2=13.9 h) were produced 
in low y ields due to low cross secti ons for fast neu tron react ions of about 4 kBq 
(72Ge(n,p)72Ga) a nd ab out 1 kBq  ( 72Ge(n,α)69mZn). The production  y ield for t he positron 
emitting isotopes of a rsenic under  the chos en condit ions (15 MeV protons) was about 
1 MBq/µAh for 74As and 6  MBq/µAh for 72As. T he 67Ga (T 1/2 = 78.3 h) was produced by  
70Ge(p,α)67Ga reaction (about 35 kBq/µAh).        
 
 
Dissolving the target 
 
Although germanium metal is slowly attacked by aqua regia [1 3] it w as chosen as solvent. 
The nitric acid oxidizes the Ge(0) t o Ge(IV) which is precipitating as GeO 2 in th e HCl. Th e 
dilution of  the t arget acc elerates with incr easing t emperature. Under thes e oxida tive 
conditions the n ca r adioarsenic is also ox idized t o * As(V). As far as th e subsequent 
distillation requires abo ut 120 °C, the germanium is  dissolved wit hin 30 min which are 
required for heating th e solution. Dissolving of metallic germanium target results in a milky 
solution of germanium(IV)oxide.  
 
Distillation of GeCl4   
 
After di lution of t he target the tem perature i s m aintained at 120 ° C to d istill the GeCl4 
(b.p.=84 °C). Addition ally a  sligh t s tream of A rgon was bubbled  t hrough the so lution to 
accelerate the distil lation. U nder these conditions the rad ioarsenic stay s in oxidation sta te 



*As(V) whi ch is n ot volatile. In contrast to  oth er publications [9],  no other r eagents wer e 
added to keep the arsenic in the pentavalent oxidation state. During 1.5 h distillation period a 
total volume of 6  ml 10 M HCl w as added periodically  for di stillation of GeCl 4 and  
destruction of the remaining nitric acid. Traces of nitric acid will interfere in later reduction of 
*As(V) to *As(III) and lead to low extraction yields. Finally the solution is condensed to less 
than 500 µl and taken out of the distillation apparatus. An average loss of arsenic of 10 % was 
observed in thi s step. It is ba sically dedicated to absorption on th e walls of the glassware. In 
this step an average separation factor of ger manium of 2*104 was achie ved. Care should be 
taken to av oid condensation of GeCl 4 on the surface of th e v essel which might g ive so me 
additional con tamination of t he so lution with Ger manium.  Th e non-arse nic rad ionuclides 
produced during irradiat ion a t cy clotron and reactor (namely 67/72Ga, 69mZn) canno t be 
removed by distillation and remain inside the arsenic solution. 
 
Anion exchange purification  
 
According to the behavior of arsenic, germanium, zinc and gallium on anion exchange resin 
AG1X8 in HCl [30-32], *As(V) i s only slightly retained compared to Ge, Zn and Ga at high 
HCl concentrations. Consequently, 10 M HCl was chosen to elute *As(V) from the column. 
The *As(V) is eluted in fract ion two and  three, containing > 90 % of arsenic activ ity in 1 ml 
of 10 M HCl. Ge, Zn and Ga are only eluted after changing the eluent to 0.1 M HCl. A typical 
elution profile for *As(V), *Zn(II) and *Ga(III) is given in Fig. 2. However, according to [30] 
Ge is eluted a t HCl concentrations < 5 M a nd is stron g ret ained at 10 M H Cl w ith a 
distribution coefficient of about 200 compared to 4 of As(V). For determination of th e final 
radionuclidic purity an aliquot of the combined fractions two and three was measured for 12 h 
at the closest position of the detector. Any 77Ge activity could be observed. A s the detection 
limit for this setup was determined to be 0.25 Bq 77Ge and the experiment started from 2 MBq 
of 77Ge, an overall separation factor for the anion exchange column of 77Ge/77As of > 106 is 
considered.  
 
Reduction of As(V) to As(III), extraction into CCl4 and back extraction into PBS-buffer    
 
Batch experiments showed that both NaI and CuCl are suitable reducing agents for *As(V) to 
*As(III). In the case of of NaI with nca activities of *As a lways re-oxidation to *As(V) was 
observed in CCl4 by co-extraction of I2 formed. Therefore CuCl was used which did not show 
comparable effects and delivered *As(III) in CCl4. Reduction of *As(V) was achieved in high 
yields by heating the solution for 1 h at 60°C. Twice extraction of As(III) in 500 µl CCl4 gave 
an average yield of > 70%. This offers the ability to label molecules in non aqueous medium. 
Back extraction was p erformed by extraction th e combined organic phases w ith 500 µl PBS 
buffer i n average y ield of > 60%. The overall y ield was 4 0 %. Extracti on yields m ight be 
upgraded by repeated extraction. However, the aim was also to minimize the final volume to 
about 500 µl PBS buffer to achieve high concentrated solutions of arsenic activity.  
 
Speciation of As(III) and As(V) 
 
One of the key steps for labeling of mab with arsenic isotopes is the availability of *As(III) in 
the lab eling solution. This was monitored by a radio TLC method. Whi le m ixtures of 
HCl/acetone [13, 41] lead to d estruction of th e TLC plate, a mixture of  sodium tartrate and 
methanol was chosen. The Rf values of 0.9 for *As(V), 0.6 for *As(III) and 0 for *As-labeled 
mab (see Fig.3) are comparable to those found in HCl/acetone mixtures [41]. Care should be 
taken t hat th e s eparated sa mples are us ed fo r labeling i mmediately or s tored frozen in an  



atmosphere of argon to prevent the *As(III) from r e-oxidation. The final fraction in 500 µl 
PBS contained > 95 % *As(III).   
 
Labeling of Bevacizumab 
 
The principle labeling strategy for radioarsenic is based on its high affinity to free SH-groups. 
The thiol-free reducing  age nt TCEP  reduces some disu lfide bonds inside th e mab that w ill 
subsequently react with the *As(III), obtained fr om the separation method. To prevent a loss 
of im munoreactivity o f the mab, a low con centration of TCEP (420 nmol) was used as 
mentioned in t he instruction manual [49]. TCEP  alone shows no interaction with arsenic and 
thus can stay  inside the solution during th e reaction. After 1 h at ro om te mperature the 
labeling yield was > 90 % determined by TLC and > 99 % by gel filtration HPLC (Fig.4). The 
antibody can be purified by gel filtration from the excess of free TCEP. 
 
5. Conclusion 
 
A highly selective method for the separation of nca radioarsenic isotopes from bulk amounts 
of ger manium targets and trace contaminations of Zn and Ga radi oisotopes was dev eloped. 
The method can b e ap plied to n atural ge rmanium t argets or isotopically enriche d ta rget 
material irradiated at nuclear reactors or cyclotrons. It is als o possible to use GeO 2 as target 
material. Nca radioarsenic and macroscopic germanium are separated in a two step procedure. 
Metallic germanium and As(V) are firs t separated by dis tillation with an average separation 
factor of 2* 104. This i s followed by  puri fication w ith anion exch ange chro matography fo r 
separation of the remaining germanium and radioactive trace amounts of Zn and Ga for med 
during irrad iation. Th e overall s eparation for germanium/arsenic was >  1•10 6. In order to 
apply the separated radioarsenic for labeling of proteins, the *As(V) wa s reduced to *As(III) 
with CuCl at elevated temperature within 1 h. As far as the labeling of mab requires neutral 
pH conditions, t he *As(III) was fi rst extracted into CCl4 and then back extracted in to PBS  
buffer. The overall yield of *As(III) from the target to the final 500 µl PBS fraction is > 40%. 

Labeling of anti bodies was successfully  e xemplified w ith the  monoclonal antibody 
Bevacizumab providing labeling yields of > 99 % after 1 h  incubation at room temperature. 
This demonstrates that the radiochemical separation procedure is no t only effective in terms 
of radiochemical parameters, but also adequate to the application of radioarsenic for syntheses 
of relevant protein based radiopharmaceuticals. 
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Fig. 1: Schematic drawing of distillation apparatus   
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Fig. 2: Elution profile of  77As(V) distillate for reactor irradiated Ge target. As(V) is eluted in 
fraction 2 and 3 in 10 M HCl. Eluent was changed to 0.1 M HCl in fraction 11. Under these 
conditions Ga and Zn isotopes are eluted from the column. 
 
 
 
 
 



 
Fig. 3: Radio TLC of *As(V), *As(III) and *As labeled mab 
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Fig. 4: Gel-filtration chromatogram of 77As-Avastin after 1 h (black: UV 280 nm, blue: radiosignal) 
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