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Abstract

Radioisotopes of arsenic are of considerable interest to the field of nuclear medicine with unique 

nuclear and chemical properties making them well-suited for use in novel theranostic 

radiopharmaceuticals. However, progress must still be made in the production of isotopically pure 

radioarsenic and in its stable conjugation to biological targeting vectors. This work presents the 

production and irradiation of isotopically enriched 72Ge(m) discs in an irrigation-cooled target 

system allowing for the production of isotopically pure 72As with capability on the order of 10 

GBq. A radiochemical separation procedure isolated the reactive trivalent radioarsenic in a small 

volume buffered aqueous solution, while reclaiming 72Ge target material. The direct thiol-labeling 

of a monoclonal antibody resulted in a conjugate exhibiting exceptionally poor in vivo stability in 

a mouse model. This prompted further investigations to alternative radioarsenic labeling strategies, 

including the labeling of the dithiol-containing chelator dihydrolipoic acid, and thiol-modified 

mesoporous silica nanoparticles (MSN-SH). Radioarsenic-labeled MSN-SH showed exceptional 

in vivo stability toward dearsenylation.
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INTRODUCTION

In recent years there has been considerable interest in the development of “theranostic 

pharmaceuticals” allowing for the initial diagnostic probing of a specific pharmacological 

target, followed by the subsequent administration of a therapeutic dose of the agent.1 Such 

theranostics promise advances to the field of personalized medicine, improving therapy 

selection, determination of optimal therapeutic dose, minimizing adverse effects, and 

gauging treatment response. In nuclear medicine, theranostics may consist of a biological 

targeting vector made with a radionuclide pair having similar chemical properties but 

different radioactive decay properties, one with a positron- or gamma-emitting nuclide for 

positron-emission tomography (PET) or single photon emission computed tomography 

diagnostic imaging and one with an electron-, alpha- or Auger-emitting nuclide for therapy. 

Examples include radio-pharmaceuticals that pair diagnostic 111In/68Ga with 

therapeutic 90Y/177Lu or incorporate different isotopes of iodine, with diagnostic 123I/124I 

and therapeutic 131I.2,3 However, these approaches suffer from limitations due to the 

potential for differences in diagnostic/therapeutic agent biodistribution resulting from the 

use of different radiolabel elements or, in the case of the 124I/131I pair, problems with 

deiodination and subsequent thyroid localization and damage following therapeutic dose 

administration.

Radioisotopes of arsenic offer an alternative radionuclide-based theranostic system. As 

summarized in Table 1, the decay properties, production methods, and potential nuclear 

medicine use of these isotopes are well suited for a variety of diagnostic and therapeutic 

applications. Multiple arsenic isotopes exist with a wide range of positron-emission half-

lives, ranging from an hour to weeks and electron-emission half-lives with radiotherapeutic 

potential. These isotopes can each be produced in existing medical cyclotrons with solid 

target capability, and the most promising diagnostic/therapeutic pair, 72As and 77As, can 

also be produced through alternative means. Arsenic-72 can be produced through electron 

capture decay of 72Se (t1/2 = 8.5 d), allowing for a 72Se/72As generator system4,5 and 77As 

through β− decay of 77Ge (t1/2 = 11.3 h), allowing for its no-carrier-added production by 

neutron capture on natural germanium.6

In addition to these nuclear decay properties, arsenic has unique chemical and biochemical 

properties that make it notable for novel diagnostic or therapeutic radiopharmaceuticals. The 

most significant of these properties is the element’s high toxicity, which was first reported in 
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third and fourth century B.C. Chinese and Greek writings and has been used for millennia as 

both a poison and a medicine.7 In recent years, arsenic trioxide (ATO), which dissolves as 

As(OH)3, has been clinically used to treat refractory acute promyelocytic leukemia (APL) 

through the irreversible inhibition of thioredoxin reductase.8 The success of ATO for 

treatment of APL has led to the continued development of arsenic-containing small 

molecules and drug delivery vehicles to mitigate systemic toxicity and allow for arsenic-

based treatments for other cancer indications.9,10 The biologic activity of trivalent arsenic is 

largely due to the high sulfur affinity, allowing for its covalent binding to thiol/sulfhydryl 

groups, such as those cysteine side chains. These chemical and biochemical properties make 

radioarsenic uniquely suited for theranostic applications, through both the production of 

diagnostic PET analogues of arsenic-based chemotherapy agents and the use of covalent 

arsenic-thiol linkages to radiolabel biological targeting vectors.

While the production of diagnostic and therapeutic isotopes of arsenic with existing medical 

cyclotrons is feasible, it also is considerably challenging. First, the cyclotron irradiation of 

germanium with high intensity proton and deuteron beams poses technical difficulties due to 

the poor electrical and thermal properties associated with its physical forms. Pressed 

germanium oxide irradiation targets11–14 are characterized by limited electrical and thermal 

conductivity and are incapable of withstanding high current (>10 μA) irradiation. Targets of 

elemental crystalline germanium, which is brittle, has a low thermal conductivity and a 

melting point of 940 °C, have been utilized12,15–19 to greater success. Additionally, the 

cyclotron production of any isotopically pure arsenic radionuclide necessitates the use of 

isotopically enriched germanium target material, further complicating the target fabrication 

process. To date, there are no reports of isotopically pure radioarsenic production using a 

cyclotron. A second challenge lies in the radiochemical isolation of arsenic from irradiated 

germanium target material. While a wide variety of isolation procedures are reported and 

well reviewed,19 there remains a need for an isotopically enriched-target-compatible 

procedure that isolates the final radioarsenic product as reactive trivalent arsenic in a small 

volume of buffered solution, while reclaiming the expensive germanium target material for 

reuse. Additionally, the radioisolation procedure should minimize physical manipulations 

keeping radiation dose to the chemist as low as reasonably achievable.

The present study had two main goals. The first was to develop a cyclotron production and 

radiochemical isolation procedure capable of sustained, high proton intensity (>15 μA) 

irradiations of isotopically enriched 72Ge targets and isolating GBq-scale quantities of 

isotopically pure 72As. The second was to investigate established and novel labeling 

strategies to functionalize the radioarsenic product into biologically relevant targeting 

vectors. The accomplishment of these goals will further foster the development of 

radioarsenic-based theranostic radiopharmaceuticals.

RESULTS AND DISCUSSION

Target Preparation of Metallic 72Ge Targets

Isotopically enriched metallic germanium powder was produced through the reduction 

of 72GeO2 with hydrogen gas. The reduction proceeded as detailed in the literature.20 At 600 

°C and 200 mL/min H2(g) flow rate, the reduction took place quantitatively in 5 h with no 
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measurable mass lost to GeO(g) sublimation. The dark gray/black 72Ge(m) powder produced 

in this reduction was effectively molded into a metallic disc by heating to 1050 °C in a 

lidded boron nitride (BN) crucible with typical mass loss of (5 ± 3)% (n = 13) as shown in 

Figure 1. The discs were ~145 mg, 7–9 mm in diameter, and ~0.5 mm thick with a measured 

density of ~4.5 g/mL, notably lower than the established polycrystalline germanium density 

of ~5.5 g/mL.

Irradiation of Metallic 72Ge Targets

The 72Ge(m) discs were well suited for irradiation in a custom flowing-liquid-cooled 

cyclotron target. The liquid coolant for the target was water with 5 mM ethanol to 

ensure 13N produced through the 16O(p,α) nuclear reaction on water was effectively rinsed 

from the target as 13NH4
+.21 In the majority of irradiations, the 72Ge(m) disc showed only 

slight discoloration as a result of the 20 μA of 16 MeV protons as shown in Figure 2. During 

one irradiation, the disc shattered into six or seven pieces, highlighting the brittle nature of 

the germanium target material and the turbulent flow pattern in the irrigated irradiation 

cavity. As this did not impede coolant flow or the integrity of the niobium containment foil, 

the irradiation continued, but resulted in a ~50% decrease in 72As production yield. Overall 

radionuclide production yields for long-lived nuclear reaction products on the 72Ge(m) 

targets were quantified through high purity germanium gamma spectroscopy and shown in 

Table 2. The relatively short-lived 70As (t1/2 = 53 min) is also produced through 

the 70Ge(p,n) reaction. Based on sensitivity-corrected dose calibrator measurements, 

the 70As radioactivity was roughly 7% that of 72As at the end of a 1 h bombardment. The 

produced 72As had a radionuclidic purity of 99.4% 24 h after the end of bombardment. A 5 

h irradiation at 20 μA of 16 MeV proton current would result in the production of up to 10 

GBq of 72As activity, enough to envision local or regional distribution of this long-lived 

PET radionuclide.

Radiochemical Purification of 72As

The investigated metallic germanium target dissolution, distillation, anion exchange (AX) 

chromatography, and reduction procedures were adapted from the literature.19 The initial 

dissolution of the irradiated 72Ge(m) target proceeded rapidly in 2.6 mL of hot aqua regia 

and was characterized by vigorous bubbling and evolution of brown fumes. The dissolution 

of the disc slowed as a white precipitate (likely GeO2) was formed but was completed with 

increased heat and the distillation of the remaining aqua regia. The two subsequent additions 

of hydrochloric acid and hydrogen peroxide served a dual purpose. First, they successfully 

distilled the germanium target material as 72GeCl4, while keeping the radioarsenic in its 

nonvolatile As(V) oxidation state. All visible GeO2 precipitate had disappeared by the 

evaporation of the first HCl/H2O2 addition. Second, these evaporation steps effectively 

removed the oxidizing HNO3, which caused problems in the post-AX reduction of As(V) to 

As(III) and subsequent solid phase extraction (SPE) procedure. Over the course of the 

distillation, white precipitate was deposited in the gas exhaust lines carrying the argon 

sweep gas and distillate. Care was taken to ensure these lines did not clog and result in 

overpressurization leading to an uncontrolled vapor release from the distillation vessel. The 

dissolution and distillation procedure was observed to be very conservative of 72As activity, 

with (3 ± 1)% of the activity lost to the distillate, and highly effective at removing all 
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detectable germanium target material with a microwave plasma atomic emission 

spectrometry- (MP-AES-) measured Ge/As decontamination factor of >1.2 × 104.

Anion exchange chromatography effectively isolated 72As from trace germanium target 

material and 67Ga. In 10 M HCl, germanium and gallium, forming anionic complexes, were 

strongly retained to the resin with distribution coefficients (Kd) of 200 and 104.5, 

respectively, while As(V) was not retained (Kd ~4).22,23 The conditions utilized in this work 

resulted in high yields of 72As, with (93 ± 2)% of activity in the 9 mL As-rich elution 

fraction. No 67Ga activity was detected in the 72As elution peak or extended elution tail. The 

elution of 67Ga was only observed with the addition of 1 M HCl where gallium Kd < 1.

The reduction and SPE procedures detailed in this manuscript were adapted from Jahn et 

al.19 and Jennewein et al.,13 respectively. The result is significantly more automatable and 

resulted in less radiation worker dose exposure compared with the liquid-phase solvent 

extraction procedure adapted from Jahn et al.19 and Shehata et al.14 The conditions utilized 

in this work resulted in reasonable yields of 72As in a small volume of buffered eluant, with 

(57 ± 5)% yield in the first 300 μL of 1 M HEPES. Yields were only modestly improved 

with additional elution volume, with (6 ± 5)% of total loaded 72As eluting in the second 300 

μL of 1 M HEPES. Additional losses were (11 ± 3)% in loading, (9 ± 1)% in the 10 M HCl 

rinse, and (16 ± 5)% remaining bound to the SPE resin. This radiochemical yield is modestly 

lower than the (73 ± 8)% observed for the liquid–liquid extraction procedure. Despite 

eluting in 1 M HEPES, the eluant had pH < 0 as a result of residual HCl on the SPE column. 

Under these low pH conditions, the reoxidation of the trivalent 72As(OH)3 eluant to the 

pentavalent 72AsO(OH)3 occurred over the course of minutes. The post elution addition of 

hydroxylamine (HA) and ethylenediamine-tetraacetic acid (EDTA), and neutralization with 

NaOH significantly slowed this oxidation to occur over the course of hours to days. This 

lability for arsenite ions to reoxidize to arsenate is of particular import as radioarsenic 

labeling strategies often involve thiol reactivity exclusive to the As(III) oxidation state.

Table 3 summarizes the purpose, 72As yield, and Ge/As decontamination factor for each of 

the steps of the radiochemical purification procedure. The procedure’s overall decay-

corrected chemical yield for 72As was measured to be (50 ± 1)% with the majority of the 

loss to the load, rinse, and irreversible trapping on the SPE column. The final product 

contained quantities of arsenic and germanium below MP-AES detectable limits. The 

quantity of copper in the final ~360 μL, neutral, buffered 72As(OH)3 solution was (2.4 ± 0.7) 

μg. Therefore, the SPE procedure exhibited a decontamination factor of the Cu(I) reducing 

agent of (6 ± 2) × 104.

Reclamation and reprocessing of 72Ge Irradiation Target Material

The 72Ge target material was isolated through the neutralization of the acid fume condensate 

effectively, albeit laboriously. Care was taken to use the basic gas scrubber neutralizing 

solution to dissolve all the white germanium precipitate in the gas line connecting the 

distillation vial and the condensate trap. On several occasions, attempts to melt 

reclaimed 72Ge(m) powder into a 72Ge(m) disc were unsuccessful due to residual salt from 

the acid neutralization. In these cases, the misformed, salt-encrusted 72Ge(m) pieces were 

removed from the crucible, sonicated in water to remove salt, and remelted in a subsequent 
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target preparation step. The overall, nonoptimized reclamation yield of the entire 

process, 72Ge(m) target disc to reclaimed 72Ge(m) target disc, was found to be ~60%. 

Unreclaimed 72Ge remained dissolved in the neutralized condensate and salt-removal wash 

solutions. Further optimization of the reclamation yield will proceed through the collection 

and evaporation of all 72Ge-contacted solutions, followed by the washing of the 

NaCl/72GeO2 residue with a minimum volume of water to isolate the less soluble 72GeO2 

from the bulk NaCl.

Radioarsenic Labeling and Evaluation of TRC105

Motivated by reports utilizing trivalent radioarsenic to label monoclonal antibodies,19,24 

initial studies using the *As(OH)3 (* = 72, 74, 76, 71) product attempted to directly label the 

monoclonal antibody TRC105. This angiogenesis-targeted, antiendoglin (CD105) human/

murine chimeric IgG1 monoclonal antibody is currently undergoing multiple phase I and II 

studies for various cancer indications.25–27 TRC105 was chosen for these radioarsenic 

labeling studies because of previous experience in its 64Cu- and 89Zr-radiolabeling and well 

characterized in vivo biodistribution.28,29 Some studies investigating the labeling chemistry 

of radioarsenic utilized *As(OH)3 produced through the irradiation of natGe target material 

as opposed to isotopically pure 72As(OH)3 produced with enriched 72Ge as detailed above. 

Initial results from the radiolabeling of TRC105 were favorable as measured by high purity 

germanium (HPGe) gamma analysis of the size exclusion chromatography (SEC) 

purification fractions. Radiolabeling resulted in 69% of the radioarsenic eluting with the 

high-molecular-weight (MW) fraction following reaction with tris(2-

carboxyethyl)phosphine- (TCEP-) reduced TRC105. Similarly, 94% of the radioarsenic 

eluted with the high-MW fractions following the labeling of Traut-modified, TCEP-reduced 

TRC105. While the labeling yields observed here are lower than those reported in the 

literature,19,24 the results are in overall agreement.

The biodistribution of *As–S-TRC105 was compared with that of free *As as shown 

through serial maximum intensity projection PET images in Figure 3. The biodistribution of 

the positron emitting radiotracer in the *As–S-TRC105 preparation was observed to be 

nearly identical to that of the free *As, which was characterized by rapid renal excretion. 

Additionally, the biodistribution for *As–S-TRC105 labeled under TCEP-reduced 

conditions exhibited indistinguishable in vivo behavior to those prepared under Traut-

modified, TCEP-reduced conditions. The *As–S-TRC105 results stand in stark contrast to 

those of 64Cu-TRC105 and 89Zr-TRC105, which show long blood circulation half-lives and 

significant blood pool, liver, and 4T1 tumor uptake (5–15%ID/g) 24 h post injection 

(p.i.).28,29 The disparity between the *As–S-TRC105 biodistribution and those reported 

for 64Cu-DOTA-/89Zr-Df-TRC105 could be as a result of several confounding factors. One 

such factor could be that the TCEP-reducing labeling conditions necessary to attach *As to 

TRC105 reduced the disulfide bonds connecting the heavy and light chains of TRC105, 

thereby breaking up the antibody and destroying its specificity for the CD105 protein. 

However, it has been shown that incubation of antibodies in concentrations of TCEP ten 

times higher than those used in this study only reduced immunoreactivity to 85%.30 Also, it 

is unlikely that *As-bound mAb fragments would have rapid renal clearance as observed in 

this study. Another possible explanation is that the 2.6 GBq/μmol specific activity of *As–S-
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TRC105 used in this study is significantly lower than the 440 GBq/μmol 64Cu-DOTA-

TRC10528 and the 15–74 GBq/μmol 89Zr-Df-TRC105,29 thus creating a self-blocking effect 

limiting tumor uptake. This is unlikely, since the biodistribution of 64Cu-DOTA-/89Zr-Df-

TRC105 following administration of a 2 mg blocking dose of TRC105 clearly shows high 

hepatic uptake and retention of the radiotracer, not rapid renal clearance.28,29

A third explanation for these results is that the covalent bond between arsenic and the 

TRC105 thiol is degrading in vivo resulting in the liberation of the *As radiolabel. This 

could occur as a result of transchelation of the *As with plasma proteins, such as albumin, or 

small molecules such as reduced glutathione and cysteine, which have been shown to bind to 

As(III).31–33 Rapid in vivo dearsenylation of *As-TRC105 would fully explain the observed 

experimental results. This hypothesis is further supported by silica plate TLC results 

analyzing the *As-TRC105 labeling solutions as a function of time after mixing *As(OH)3 

and TRC105-SH. These results showed a decrease of As(III) (Rf = 0.8) over time, with a 

corresponding increase of activity with intermediate retention factor (Rf = 0.2–0.8). As one 

would expect the high-molecular-weight antibody to stay at the origin of the TLC plate (Rf = 

0), these results suggest that the tartrate ions in the mobile phase were a strong enough 

arsenic-binding chelator to dislodge the “labeled” *As from TRC105, resulting in *As with 

an intermediate Rf.

The result in which the *As–S-mAb radioimmunoconjugates formed with these methods 

exhibit exceptionally poor in vivo radiostability is in direct contradiction to a conclusion 

reached in the literature with similarly labeled 74/77As–S-bavituximab.24 It is possible that 

this apparent disagreement is a result of a number of experimental differences, including the 

different radioarsenic labeling synthon (AsI3 versus As(OH)3), different method of thiol 

incorporation (N-succinimidyl S-acetylthioacetate modification, SATA, yielding 3.5 

thiol/mAb versus Traut reagent, yielding 8 thiol/mAb), the significantly higher specific 

activity (>100 GBq/μmol versus 2.6 GBq/μmol), the different mAb targeting vectors 

offering distinct conformational stability of *As-thiol bonds (bavituximab versus TRC105), 

or different model organisms (rat versus mouse). However, it is also possible that the 

literature’s conclusion of high in vivo radiostability was not actually supported by their 

results. This conclusion was based on the fact that very little nonspecific uptake of 

radioactivity was detected in the liver at 24–72 h p.i.24 The free *As(III) biodistribution 

results in mice shown here in Figure 3b demonstrate that free or plasma-chelated 

radioarsenic is in fact rapidly renally excreted, not hepatically sequestered and retained. In 

addition, comparison of the 74/77As–S-bavituximab biodistribution results in AT1-tumor 

bearing rats with recent biodistribution results for 64Cu-labeled bavituximab in LNCaP-

tumor bearing mice34 shows significant disagreement. At 48 h p.i. 74/77As–S-bavituximab 

was observed with uptake of 0.25%ID/g in the tumor and 0.125%ID/g in the liver, 

while 64Cu-bavituximab exhibited 3.2%ID/g in the tumor and 20.6%ID/g in the liver.24,34 

While comparison of these results makes a strong case that 74/77As–S-bavituximab is, 

indeed, seeing significant dearsenylation in vivo, it fails to negate the fact that the 

radiotracer does offer impressive tumor to liver and tumor to muscle ratios at 72 h p.i. (22 

and 470, respectively).24 This result can be explained by the possibility that the radiotracer 

can be more rapidly dearsenylated when sequestered by the liver than when specifically 
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bound to the tumor, allowing radiotracer to flush from the nonspecifically bound, liver-

sequestered antibody.

Radioarsenic Labeling and Evaluation of Dihydroli-poic Acid

The results support the conclusion that thiol-modified antibodies labeled directly with 

trivalent *As(OH)3 do not exhibit adequate in vivo stability. Thus, investigations into 

alternative methods of arsenic radiolabeling of biological targeting vectors is a worthy and 

necessary pursuit to bring radioarsenic to its full potential as a theranostic agent. One avenue 

for stabilizing such a radiopharmaceutical toward in vivo dearsenylation would be through 

the use of a chelating ligand with high affinity for arsenic. The use of chelators to radiolabel 

biological targeting vectors is well developed with radiometal-based imaging agents using, 

for example, 1,4,7,10-tetra-azacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to 

chelate 64Cu and 68Ga and desferrioxamine (DFO) to chelate 89Zr as recently reviewed.35 

Owing to the fact that trivalent arsenic preferentially forms tridentate, trigonal pyramidal 

complexes with sulfur-containing ligands, the most stable chelators would likely contain 

three free thiols capable of binding in such a geometry. Recent work has begun to explore 

this promising approach.36,37 The present work adopts a simpler strategy to arsenic 

chelation through the use of 1,2-dithiolane-3-pentaoic acid (lipoic acid, LA), a disulfide-

bond-containing, reduction-/oxidation-active eight carbon fatty acid that is endogenously 

produced in cells and is a cofactor to several mitochondrial enzyme complexes.38 Through 

the reduction of the disulfide bond, dihydrolipoic acid (DHLA) is produced with two thiol 

groups capable of forming a bidentate six-membered ring structure with trivalent arsenic, 

shown in Figure 4. The particular stability of the trivalent arsenic–DHLA complex has been 

measured and shown compared with other dithiol ligands.33 In addition, following activation 

with a carbodiimide compound such as 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide 

(EDC), the carboxylic acid functional group of DHLA could be bioconjugated to primary 

amines present on biological targeting vectors.

The preparation of DHLA from LA through sodium borohydride reduction and solvent 

extraction was performed with 75% chemical yield. The final DHLA product was a viscous, 

clear, slightly yellow liquid with ~85% chemical purity as determined by finding 1.7 thiols 

per DHLA through its quantification using 5,5′-dithiobis(2-nitrobenzoic acid) according to 

literature procedures.39 Care was taken to limit the exposure of DHLA solutions to 

atmospheric oxygen by purging vials and solvents with argon to minimize reoxidation of 

DHLA to LA. The chelation of carrier-free and carrier-added *As(OH)3 after 10 min and 18 

h of contact with DHLA was measured using reversed phase thin layer chromatography 

(RP-TLC) as shown in Figure 5a. Under the RP-TLC conditions used, free arsenic 

predominantly traveled to high retention factors (Rf = 0.8–0.9), with a small fraction 

remaining at Rf = 0, while As-DHLA was highly retained by the plate with Rf = 0. The RP-

TLC profile of carrier-added free arsenic is shown in the top two profiles. The Rf = 0.9 to Rf 

= 0 ratios determined in these profiles were used to subtract the contribution of free arsenic 

to the Rf = 0 peak and measure the fraction of radioarsenic bound to DHLA. Both no-carrier-

added and carrier-added *As(OH)3 were observed to very rapidly form As-DHLA 

complexes with ~90% yield within 10 min of contact. The carrier-added radioarsenic was 

observed to decrease its labeling fraction between 10 min and 18 h of contact. This may be 
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the result of the formation of 2:3 As:DHLA complexes such as those reported in the 

literature,33 resulting in lower labeling yields for solutions with a molar equivalent of 

arsenic and DHLA. The results of the DHLA reactivity titration of 72As(OH)3 after 18 h of 

labeling are shown in Figure 5b,c. In these results, the Rf = 0.9 to Rf = 0 ratio of free arsenic 

was determined from the profile of the solution with the smallest amount (10 pmol) of 

DHLA. When plotted as As-DHLA labeling percent versus amount of DHLA, a sigmoidal 

curve is elucidated with its point of inflection at 20 nanomol of DHLA. The DHLA effective 

specific activity for 72As(OH)3 was measured to be 6.4 MBq/40 nanomol = 0.2 GBq/μmol at 

45 h after the end of bombardment. Future work will include efforts to improve this value to 

the range of 10–100s of GBq/μmol, which are typical 64Cu/89Zr radiometal chelator 

effective specific activities.

Radioarsenic Labeling and Evaluation of Thiol-Modified Mesoporous Silica Nanoparticles

An alternative method for functionalizing radioarsenic to biological targeting vectors is 

through the versatility of nanomedicine. In the past 20 years, the use of nanotechnology in 

the development of novel cancer imaging agents and therapeutics has reached considerable 

maturity and offers great flexibility for radio-labeling strategies. Such strategies have 

recently been used to functionalize radioarsenic to thiol-containing polymer nanoparticles40 

and to superparamagnetic iron oxide nanoparticles (SPION).41 Mesoporous silica 

nanoparticles (MSN) are characterized by their good biocompatibility, high surface area, and 

versatility toward surface modifications and have previously been used for in vivo imaging 

and drug delivery studies.42,43 A common surface modification for MSN is the addition of 

thiol groups which are used to surface functionalize the nanoparticles with polyethylene 

glycol (PEG) and biological targeting vectors through the use of Michael-reaction thiol-

maleimide coupling chemistry. The high surface area and thiol density of such thiol-

modified MSN (MSN-SH) offers the promise of a particularly efficient and stable 

radiolabeling strategy for trivalent radioarsenic. In addition, recent work performing serial in 

vivo PET imaging of 89Zr-labeled MSN has shown that such nonfunctionalized, negatively 

charged MSN are rapidly and irreversibly sequestered by the liver and spleen for the entire 

length of the study (21 days post injection).44 The stark difference between this behavior of 

MSN with that of rapid renal clearance for free radioarsenic shown in Figure 3b allows for 

effective characterization of the stability of radio-arsenic-labeled thiol-modified MSN(*As–

S-MSN) toward in vivo dearsenylation.

Thiol-modified MSN were synthesized and characterized to have a radius of (65 ± 5) nm, a 

pore diameter of 2–3 nm, a zeta potential of (−44 ± 2) mV in pH 5–6 H2O, a surface area per 

particle of 3.5 × 104 nm2, and 5.6 × 106 thiols per particle. Following 12 h of contact with 

*As(OH)3, a MSN-SH labeling yield of 44% was observed, with ~5% of the labeled activity 

lost with each of the two washing steps. The biodistribution of *As–S-MSN in healthy nude 

mice is shown through serial maximum intensity projection PET images and region of 

interest quantification results shown in Figure 6. As expected for nonfunctionalized, 

negatively charged MSN, the radiotracer is very rapidly sequestered by the liver and spleen 

with (32 ± 3) %ID/g and (11 ± 3) %ID/g, respectively. This liver distribution remains 

largely stagnant for the first 3 days before tapering slightly to (21 ± 6) %ID/g at 7 days post 

injection. Spleen uptake remains constant over the investigated seven day period. Bladder 
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uptake was also observed at all time points with (4 ± 2) %ID/g. With the knowledge that 

MSN are retained in the liver and spleen for greater than 7 days and that free radioarsenic is 

rapidly and nearly quantitatively renally excreted, these results show that *As–S-MSN is 

largely resistant to in vivo dearsenylation. The small, consistent bladder uptake and slightly 

decreasing liver uptake after 3 days does, however, indicate a small amount of radioarsenic 

desorption from the MSN-SH. The observed in vivo radiostability of *As–S-MSN is 

dramatically improved over that shown in Figure 3a for a directly labeled thiol-modified 

monoclonal antibody. This improvement is likely due to the high thiol density on the MSN 

surface allowing for the binding of trivalent radioarsenic to two or three thiol groups, 

resulting in a significantly stronger arsenic sequestration. Additional characterization of the 

arsenic–MSN binding properties and stability will be reported in a forthcoming manuscript. 

Through the use of standard methods to surface functionalize *As–S-MSN with PEG to 

improve blood circulation lifetime and biological targeting vectors to give tumor 

specificity,43 this extremely high in vivo radiostability can be conveyed to a new class of 

tumor-targeted, drug-delivery-capable, radioarsenic-based theranostic agents.

CONCLUSION

Radioisotopes of arsenic have the potential for use in novel theranostic radiopharmaceuticals 

due to their unique nuclear and chemical properties. However, significant hurdles must still 

be overcome related to the production of isotopically pure radioarsenic and its stable 

incorporation into biological targeting vectors. Through producing isotopically 

enriched 72Ge(m) discs, followed by irradiation in a simple custom irrigation-cooled target 

system, isotopically pure 72As was produced in large enough quantities to provide multiple 

human doses or allow for local or regional distribution. The radiochemical isolation 

procedure, suitable for automation, resulted in acceptable radiochemical yield of 

reactive 72As-(OH)3 in a small volume of buffered aqueous solution, while reclaiming and 

reprocessing 72Ge target material.

Investigations into established literature procedures for radioarsenic labeling of antibodies 

yielded results that initially seemed in disagreement previous reports.24 Upon closer 

inspection and comparison with recent studies,34 the results of these studies are brought into 

agreement with the conclusion that antibodies directly labeled with radioarsenic exhibit 

exceptionally poor in vivo stability toward dearsenylation. To address this issue, two 

alternative methods were investigated. The chelation of trivalent radioarsenic was achieved 

with DHLA, a dithiol-containing small molecule that is capable of biofunctionalization to 

antibodies and proteins. Additionally, thiol-modified MSN were effectively labeled by 

radioarsenic and exhibit exceptional in vivo stability toward dearsenylation. These 

explorations into radioarsenic labeling strategies for biological targeting vectors highlight 

the challenges and illuminate several promising avenues of investigation toward realizing 

the potential of radioarsenic for theranostic pharmaceuticals.
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EXPERIMENTAL PROCEDURES

Materials

Unless otherwise stated, reagents were obtained from commercial vendors and used as 

received. Isotopically enriched 72GeO2 (96.59% 72Ge, 0.35% 70Ge, 2.86% 73Ge, 

0.20% 74Ge, 0.01% 76Ge) was obtained from Isoflex USA (San Francisco, CA, USA). 

Argon (industrial grade) and hydrogen gases (research grade, 99.9999% purity) were used. 

The human/murine chimeric IgG1 monoclonal antibody TRC105 was provided by 

TRACON Pharmaceuticals Inc. (San Diego, CA, USA). Dihydrolipoic acid was prepared 

from (±)-α-lipoic acid by sodium borohydride reduction according to established literature 

procedures.33

Target Preparation of Metallic 72Ge Discs

Germanium-72 dioxide (500–800 mg) was weighed and sealed in a glass test tube fitted with 

1/16″ polytetrafluoroethylene gas lines. The tube was purged thrice with alternating Ar and 

low vacuum (20 kPa absolute) and thrice with alternating H2 and low vacuum, followed by 

the constant flow of 200 mL/min H2 gas. Under the reducing hydrogen atmosphere, the 

GeO2 was heated to 600 °C in a vertically oriented tube furnace for 2.5–5 h with occasional 

gentle agitation until the GeO2 to metallic Ge(m) conversion was complete, as measured by 

stoichiometric mass change.

Metallic 72Ge powder (~150 mg) was weighed into a BN crucible with 9.5-mm-diameter, 

1.9-mm-deep circular pocket and lightly compressed with a BN lid with 9.45-mm-diameter, 

1.3-mm-tall tamper. The filled crucible and lid were then placed under a ~100 g tantalum 

weight and sealed in a tube furnace. The furnace was purged thrice with alternating Ar and 

low vacuum (20 kPa absolute), followed by the constant flow of 200 mL/min Ar gas and 

subsequent 100 min temperature ramp to 1050 °C where it was held for 60 min, followed by 

passive cooling. Once the oven temperature was below 100 °C the BN crucible was 

removed, carefully opened, and the 72Ge(m) disc dislodged from its molding pocket and 

subjected to dimensional and mass measurements.

Cyclotron Irradiation of Metallic 72Ge Targets

Metallic 72Ge discs were proton-irradiated in a custom irrigation-cooled target system using 

a PETtrace cyclotron (GE Healthcare, Little Chalfont, Buckinghamshire, England). The 

target system consisted of a water-cooled aluminum body with a 1-cm-diameter, 3.2-mm-

deep pocket, an O-ring, a bolt circle, and two 1.5-mm-diameter channels leading to exterior 

1/16″ Swagelok fittings. A (144 ± 7) mg 72Ge(m) disc was placed in the pocket and sealed 

with a 51-μm-thick niobium foil with a clamp ring. Ethanol (5 mM) was flowed at 4 mL/min 

through the target chamber during irradiation with 20 μA of 16 MeV protons for 1 h. After 

irradiation, the target was disassembled and the 72Ge(m) disc removed and quantified 

for 72As radioactivity using a dose calibrator (CRC-15, Capintec, Inc., Ramsey, NJ, USA) 

with setting #970, which was determined through efficiency-calibrated HPGe gamma 

analysis.
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Radiochemical Purification of 72As

The 72Ge(m) disc was dissolved in 2.6 mL of 3:1::10 M HCl:15 M HNO3 (aqua regia) at 90 

°C under flowing argon. The sweep gas and fumes were passed through 1/8″ tubing 

connecting a series of gas scrubbers including an initial condensation collection vessel, a 

second and third vessel each containing 15 mL of 6 M NaOH, and a fourth vessel with 15 

mL of H2O. After bubbling subsided from the 72Ge(m) disc, the temperature was increased 

to 130 °C to initiate the distillation of the aqua regia. Upon reaching dryness, the vessel was 

distilled to dryness with two subsequent quantities of 2.5 mL 10 M HCl, 50 μL 30% H2O2, 

effectively distilling the 72Ge target material as 72GeCl4.

The dried 72As was then reconstituted in 1 mL of 10 M HCl for anion exchange 

chromatographic purification to remove trace germanium and 67Ga impurities. Anion 

exchange resin (~350 mg, AG 1 × 8, 200–400 mesh, Bio-Rad Laboratories, Hercules, CA, 

USA) was slurry loaded into a 1 mL, 9.5-mm-inner-diameter fritted cartridge and 

preconditioned with 10 mL of 10 M HCl. The 72As in HCl was then flowed through the AX 

column, followed by a second 1 mL 10 M HCl rinse of the distillation vial and 25 mL of 10 

M HCl. Following the initial elution of ~400 μL, the subsequent 9 mL of 72As-containing 

eluant was collected as a single fraction. Following the 10 M HCl elution, 20 mL of 1 M 

HCl was added to elute 67Ga and trace germanium.

The purified 72As was isolated as trivalent 72As(OH)3 in a small-volume, buffered solution 

through reduction, followed by either SPE or liquid–liquid extraction (LLE). Copper(I) 

chloride (~200 mg) was added to the 9 mL 72As-rich 10 M HCl AX fraction and incubated 

at 60 °C for greater than 30 min. In the SPE procedure, polystyrene–divinylbenzene SPE 

resin (~100 mg, Chromabond HR-P, 1200 m2/g, 50–100 μm, Macherey-Nagel Inc., 

Bethlehem, PA, USA) was dry loaded into a fritted 5.6-mm-inner-diameter column and 

preconditioned immediately before use with 10 mL of H2O and 10 mL of 10 M HCl. 

The 72As in 0.2 M CuCl, 10 M HCl was then flowed through the column extracting 72AsCl3, 

followed by its subsequent rinsing with 10 mL of 10 M HCl and 20 mL of air. The 72As was 

then eluted with 300 μL of 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer at pH 9. Hydroxylamine·HCl, EDTA, and sodium hydroxide were added to 

the 72As eluant to bring the solution to 0.5 M HA, 25 mM EDTA, and pH 7 immediately 

following elution. In the LLE procedure, the 72As in 0.2 M CuCl, 10 M HCl was shaken 

twice with an equal volume of cyclohexane, extracting 72AsCl3. The combined organic 

phases were then shaken with 500 μL of 0.5 M HA, 25 mM EDTA, phosphate buffered 

saline (PBS) at pH 7.1, back-extracting 72As(OH)3 into the small volume buffered aqueous 

phase.

Quality Analyses of Isolated 72As(OH)3 Product

The efficacy of this radiochemical procedure and the purity of the 72As(OH)3 product was 

determined through a variety of methods. Trace metal analysis was performed using MP-

AES (4200, Agilent Technologies, Santa Clara, CA, USA). Limits of detection for arsenic, 

germanium, and copper in the final 72As(OH)3 product were found to be 10 ppm, 1 ppm, 

and 10 ppb, respectively. The oxidation state of 72As was monitored with the thin layer 

chromatography (TLC) procedure using a silica stationary phase, 3:1::0.01 M sodium 
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tartrate:methanol as mobile phase,19 and visualized by a Cyclone Plus storage phosphor 

autoradiography (AR) system (PerkinElmer, Waltham, MA, USA).

Reclamation and Reprocessing of 72Ge Irradiation Target Material

The 72GeCl4/HCl condensate resulting from the 72As isolation procedure was chemically 

processed to reclaim 72Ge for future use. Using the 6 M NaOH from the first gas scrubber 

vessel, the condensate was neutralized to pH 7, resulting in the precipitation of 72GeO2. The 

slurry was centrifuged at 3 krpm for 10 min, the clear supernatant decanted, and the pellet 

washed with 10 mL of cold H2O by centrifugation/decantation. The pellet was dried with 

heat and argon flow and reduced to 72Ge(m) as described above. Following reduction, 

the 72Ge(m) powder was further rinsed to remove sodium chloride and nitrate salts by 

repeatedly soaking in H2O, followed by centrifugation/decantation. The rinsed 72Ge(m) 

powder was then molded into 72Ge(m) discs as described above.

Radioarsenic Labeling and Evaluation of TRC105

Initial experiments to functionalize the isolated trivalent radioarsenic to a biologically 

relevant targeting vector involved direct labeling of thiol groups on the monoclonal antibody 

TRC105. These studies utilized *As(OH)3, (* = 72, 74, 76, 71) produced from the proton 

irradiation of natGeO2 through the cyclotron production and initial chemical isolation steps 

detailed previously.45 The final *As(OH)3 sample preparation involved the AX and LLE 

procedures detailed above. Immediately following the LLE procedure, *As(OH)3 was 

combined with 1.25 mg TRC105 in 1 mL of 0.25 M HA, 12.5 mM EDTA, 0.35 mM TCEP, 

PBS at pH 7.1. After 1 h of incubation at room temperature, the mixture was purified using a 

PD-10 SEC column (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA), collecting the 0.5 

mL PBS fraction most rich in *As-labeled TRC105. Two mice bearing 4T1 murine breast 

cancer xenografts were each injected with 250 μL of this fraction, containing *As–S-

TRC105 in PBS (4.3 MBq, 240 μg TRC105, 2.7 Gbq/μmol). Following injection, serial PET 

images were obtained at 0.5, 4, and 24 h p.i. using an Inveon microPET scanner (Siemens 

Medical Solutions USA, Inc., Malvern, PA, USA) at the University of Wisconsin Carbone 

Cancer Center Small Animal Imaging Facility. The images were reconstructed with an 

OSEM3D algorithm with neither attenuation nor scatter correction. This labeling and PET 

imaging study was repeated using 1.0 mg of TRC105 that had been modified to exhibit 8 

thiol groups per TRC105-SH molecule using 2-iminothiolane (Traut’s reagent). This 

TRC105-SH was prepared through a 2 h room temperature incubation with a 1:25 molar 

ratio of TRC105 to Traut’s reagent followed by SEC purification, as previously described.39 

Two healthy nude mice were each injected with 200 μL of SEC-purified, TCEP-reduced, 

thiol-modified *As–S-TRC105 in PBS (2.7 MBq *As, 160 μg TRC105, 2.5 GBq/μmol), 

followed by their serial PET imaging at 1 and 18 h p.i. The biodistribution of free *As was 

determined by injecting three healthy nude mice with 200 μL of 12 MBq *As, 6 mM 

HEPES, 31 mM HA, 2 mM EDTA in PBS at pH 7.4, followed by serial PET imaging at 0.5, 

3, and 27 h p.i. HPGe gamma analysis of each injection solution allowed for accurate 

quantification of the radioisotopic purity of injected *As, which contained a mixture of 

positron-emitting radioactivity at injection, including 79% 72As, 9.7% 74As, 2.5% 71As with 

the remaining 8.9% the electron-emitting 76As. This quantified isotopic information was 

used in concert with dose calibrator measurements to display PET images in terms of 
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percent injected dose per gram (%ID/g). This additional complication of quantifying and 

accounting for the presence of multiple positron-emitting radioarsenic isotopes is mitigated 

through the production of isotopically pure 72As through the use of isotopically 

enriched 72Ge target material as detailed above.

Radioarsenic Labeling and Evaluation of Dihydroli-poic Acid

Chelation was determined in 0.4 M HEPES, 25 mM EDTA, 0.5 M HA, pH ~7 solutions 

(300 μL) containing *As(OH)3 isolated from the SPE procedure described above with and 

without 22 mM natAs(OH)3, and 22 mM DHLA (added in 10 μL CH3CN). The labeling 

efficacy 10 min and 18 h after mixing was quantified through reversed-phase- (RP-) TLC 

using octadecyl-functionalized silica stationary phase and 50:50::acetonitrile:20 mM 

ammonium acetate as mobile phase. Additionally, the DHLA reactivity of 72As(OH)3 was 

measured by titration by preparing 1 mL labeling solutions containing ~11 MBq 

of 72As(OH)3, 0.11 M HEPES, 0.5 M HA, 25 mM EDTA, and 10 mM, 1 mM, 100 μM, 10 

μM, 1 μM, 100 nM, or 10 nM DHLA (added in 10 μL CH3CN) at pH 7.4. TLC analysis after 

18 h allowed for the generation of a plot with moles of DHLA as ordinate and As-DHLA 

labeling percent as abscissa with the results forming a sigmoidal curve. The inflection point 

of this curve corresponds to the nDHLA, the moles of DHLA necessary to reach 50% labeling 

of A72As MBq of 72As. This allows for the calculation of the DHLA effective specific 

activity (ESADHLA) of the 72As(OH)3 product, with ESADHLA = A72As/(2 · nDHLA).

Radioarsenic Labeling and Evaluation of Thiol-Modified Mesoporous Silica Nanoparticles

MSN were synthesized, functionalized with thiol groups using (3-

mercaptopropyl)trimethoxysilane, physically characterized, and analyzed for thiol 

concentration according to literature porcedures.43 Surface area per nanoparticle was 

calculated using the Brunauer–Emmett–Teller (BET) surface area and pore volume, the 

transmission electron microscopy (TEM) radius, and an assumed silica density of 2.2 g/mL 

according to literature methods.46,47 For labeling, MSN (2.8 mg Si, 180 nmol thiol) were 

pelletized by centrifugation at 14 krpm for 10 min followed by decantation and reconstituted 

in 250 μL 0.1 M HEPES and combined with 300 μL of LLE-prepared *As(OH)3, 0.5 M HA, 

25 mM EDTA, 0.1 M HEPES at pH 9. The MSN and *As(OH)3 were incubated overnight at 

room temperature and then labeling efficacy was determined by dose calibrator 

measurement of the *As–S-MSN pellet and free *As supernatant following centrifugation/

decantation. The *As–S-MSN pellet was washed twice with 500 μL of water through 

subsequent sonication-aided reconstitution and centrifugation/decantation with the final 

pellet reconstituted in 450 μL of PBS. Three healthy nude mice were each injected with 90–

150 μL *As–S-MSN (2.5–4.4 MBq *As, 0.6–1.0 mg Si) in PBS, followed by their serial 

PET imaging at 0.5 h, 6 h, 1 day, 3 days, 5 days, and 7 days, p.i. as described above.
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Figure 1. 
Boron nitride crucible containing germanium metal powder before melting at 1050 °C (left) 

and germanium metal disc after heating (right).
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Figure 2. 
Germanium metal disc in irradiation pocket before (left) and after (right) flowing-liquid-

cooled irradiation with 20 μA of 16 MeV protons for 1 h.
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Figure 3. 
Representative serial PET maximum intensity projection images taken at three times 

following the injection of (a) 72As–S-TRC105 and (b) free 72As.
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Figure 4. 
Molecular schematic of reduction of (1) lipoic acid to (2) dihydrolipoic acid and subsequent 

chelation of arsenic trihydroxide to form (3) As-DHLA.
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Figure 5. 
(a) Radioarsenic activity profiles of RP-TLC analysis 10 min (left) and 18 h (right) after 

mixture of solutions containing carrier-added *As(OH)3 (top), carrier-added *As(OH)3 and 

DHLA (middle), and no-carrier-added *As(OH)3 and DHLA (bottom). (b) RP-TLC profile 

analysis of no-carrier-added 72As(OH)3 combined with various amounts of DHLA. (c) Plot 

of 72As-DHLA labeling percent as a function of moles of DHLA from results shown in 

Figure 4b.

Ellison et al. Page 22

Bioconjug Chem. Author manuscript; available in PMC 2017 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
(a) Representative serial PET maximum intensity projection images taken at six times 

following the injection of *As–S-MSN. (b) PET-quantified percent injected dose per gram 

(%ID/g) for regions of interests around the liver (red diamonds), bladder (blue squares), and 

spleen (yellow triangles) as a function of time since injection of *AsS-MSN.
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Table 1

Summary of Decay Properties, Radionuclide Production Methods, and Potential Medical Use of Selected 

Radioarsenic Isotopes

isotope half-life (h) decay propertiesa production method medical use

70As 0.877 90% β+, 10% ec Medical cyclotron PET imaging

71As 65.30 28% β+, 72% ec Medical cyclotron PET imaging

72As 26.0 88% β+, 12% ec Medical cyclotron, 72As/72Se generator PET imaging

74As 426.5 29% β+, 36% ec, 34% β− Medical cyclotron PET imaging

76As 25.867 100% β− Medical cyclotron Radiotherapy

77As 38.79 100% β− Medical cyclotron, neutron capture Radiotherapy

a
β+: positron emission, ec: electron capture, β−: electron emission.
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Table 2

Long-Lived Radionuclide Production Yields for Proton Irradiation of (144 ± 7) mg 72Ge(m) Targets

radionuclide yield (MBq/(μA*h))

72As 90 ± 30

71As 0.3 ± 0.1

73As 0.05 ± 0.02

74As 0.03 ± 0.02

67Ga 0.005 ± 0.002
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Table 3

Summary of Results from 72As Radiochemical Purification Procedure

procedure purpose 72As yield Ge/As decon. factora

Distillation Bulk Ge target removal (97 ± 1)% >1.2 × 104

AX column Trace Ge, 67Ga removal (93 ± 2)% n/a

SPE column Reduction to As(III), concentration in buffered formulation (57 ± 5)% n/a

Overall Isolate 72As(OH)3 (50 ± 1)% >1.2 × 104

a
Decontamination factor determined through MP-AES.
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