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ABSTRACT 

Single-domain antibody fragments (sdAbs) are attractive for targeted -particle therapy, 

particularly with 211At, because of their rapid accumulation in tumor and clearance from 

normal tissues.  Here, we evaluate the therapeutic potential of this strategy with 5F7 and 

VHH_1028 - two sdAbs that bind with high affinity to Domain IV of human epidermal 

growth factor receptor type 2 (HER2).  Methods: The HER2-specific sdAbs and HER2-

irrelevant VHH_2001 were labeled using N-succinimidyl-3-211At-astato-5-

guanidinomethyl benzoate (iso-211At-SAGMB).  The cytotoxicity of iso-211At-SAGMB-5F7 

and iso-211At-SAGMB-VHH_2001 were compared on HER2-expressing BT474 breast 

carcinoma cells. Three experiments in mice with subcutaneous BT474 xenografts were 

performed to evaluate the therapeutic effectiveness of single doses of 1) iso-211At-

SAGMB-5F7 (0.7-3.0 MBq), 2) iso-211At-SAGMB-VHH_1028 (1.0-3.0 MBq), and 3) iso-

211At-SAGMB-VHH_1028 and iso-211At-SAGMB-VHH_2001 (~1.0 MBq). Results: 

Clonogenic survival of BT474 cells was reduced after exposure to iso-211At-SAGMB-5F7 

(D0=1.313 kBq/mL) while iso-211At-SAGMB-VHH_2001 was ineffective.  Dose-dependent 

tumor growth inhibition was observed with 211At-labeled HER2-specific 5F7 and 

VHH_1028 but not with HER2-irrelevant VHH_2001. At the 3.0 MBq dose, complete 

tumor regression was seen in 3 of 4 mice treated with iso-211At-SAGMB-5F7 and 8 of 11 

mice treated with iso-211At-SAGMB-VHH_1028; prolongation in median survival was 

495% and 414%, respectively.  Conclusion:  Combining rapidly internalizing, high-affinity 

HER2-targeted sdAbs with the iso-211At-SAGMB residualizing prosthetic agent is a 

promising strategy for targeted -particle therapy of HER2-expressing cancers. 
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INTRODUCTION 

 The human epidermal growth factor receptor type 2 (HER2) is overexpressed on 

breast, ovarian and gastric cancers (1) and frequently is associated with metastatic 

progression (2).   Although HER2-targeted therapies can improve survival, resistance to 

these therapies often occurs (3).  Moreover, these agents are ineffective against brain 

metastases, an increasingly prevalent and lethal consequence of HER2-positive breast 

cancer  (4).   For these reasons, targeted therapies with different mechanisms of action 

and suitable for delivery to disease within the brain are urgently needed. 

 Targeted -particle therapy (TAT) has emerged as an attractive strategy for cancer 

treatment and exerts its cytotoxic effects through different mechanisms (5) than currently 

approved HER2-targeted drugs. Moreover, their 50-100 m  tissue range in combination 

with their high cytotoxicity make -particles of promise for irradiation of metastases while 

minimizing toxicity to surrounding normal tissues.  This provided motivation for labeling 

HER2-targeted antibodies with a variety of -emitters and evaluating their therapeutic 

potential in animal models (6-9) and in patients (10).  Although some encouraging results 

were reported, the large size of intact antibodies led to slow and inhomogeneous delivery 

to tumor and prolonged residence time in normal tissues (11). 

 To circumvent these limitations, single-domain antibody fragments (sdAbs; aka 

nanobodies or VHH) are being evaluated as an alternative scaffold for TAT with HER2 

being perhaps the most widely investigated molecular target (11,12).  Derived from 

Camelids, these 12-15 kDa proteins can have nanomolar or sub-nanomolar affinity and 

exhibit low immunogenicity (13).  Importantly, preclinical studies have demonstrated the 

considerably more rapid tumor penetration of sdAbs compared with intact antibodies (14) 



as well as their successful delivery to HER2-positive brain tumors (15).  The feasibility of 

labeling HER2 Domain I targeted 2Rs15d with the -emitters 225Ac (16) and 213Bi (17) has 

been reported.  While tumor targeting was demonstrated, high renal uptake also was 

observed.   

 On the other hand, labeling this anti-HER2 sdAb with the -emitting radiohalogen 211At 

resulted in much more favorable tumor-to-kidney ratios (18).  Moreover, 211At has a half-

life (7.2 h) that is well-matched to the pharmacokinetics of sdAbs in humans (19).  

Astatine-211 has other attractive features for TAT including emitting only one -particle 

per decay, lack of confounding -particle recoil effects, and increasing availability at a 

reasonable cost (20).   

 Our previous studies have shown that synergizing the characteristics of the 211At-

labeled prosthetic agent and the anti-HER2 sdAb can provide excellent tumor targeting 

(21).  Herein, we evaluate the therapeutic efficacy of these 211At-labeled sdAb conjugates 

and demonstrate a durable dose-dependent therapeutic effect after a single dose in a 

subcutaneous breast carcinoma xenograft model. 

 

MATERIALS AND METHODS 

General 

 Details about general procedures including cell culture and the sources for materials 

used in these experiments are presented in the Supplemental Materials (20,22,23). 

sdAbs 

 The characteristics of the anti-HER2 sdAbs 5F7 and VHH_1028, both reacting with 

the trastuzumab HER2 binding site, have been described previously (24, 25).  A HER2-



irrelevant control, VHH_2001 was constructed by combining the framework amino acid 

sequences of these anti-HER2 sdAbs (same for both) with the CDR sequences from 

green fluorescent protein (GFP) specific sdAb cAbGFP4 (26).  All sdAbs were produced 

by ATUM (Newark, CA) using their known amino acid sequences as described (25). 

Radiosynthesis and Quality Control of iso-211At-SAGMB-sdAb conjugates  

The synthesis of iso-211At-SAGMB was modified for higher 211At radioactivity level labeling 

based on a previously published method (21).  Astatine-211 in NCS/methanol (~370 MBq) 

was added to a vial containing 150 µg of Boc2-SGMTB precursor followed by 4 µL acetic 

acid. The reaction mixture was vortexed and incubated at room temperature for 30 min. 

Methanol was evaporated with a gentle stream of nitrogen; to ensure its complete 

removal, addition of 100 µL of ethyl acetate and its evaporation was performed twice. The 

residue was reconstituted with 100 µL of 30% (v/v) ethyl acetate in hexanes, and Boc2-

iso-211At-SAGMB was isolated by normal phase HPLC (two 50 µL injections).  For both 

runs, the HPLC fractions containing Boc2-iso-211At-SAGMB were pooled and the solvents 

were evaporated under a stream of argon. Boc protecting groups were removed by 

treatment of each reaction vial with 100 µL of trifluoroacetic acid at room temperature for 

10 min. To insure complete removal of trifluoroacetic acid, ethyl acetate addition (100 µL) 

and its evaporation was performed three times. A solution of the sdAb (5F7, VHH_1028, 

or VHH_2001) in 0.1 M borate buffer (pH=8.5, 50 µL, 2 mg/mL) was added to the vial 

containing iso-211At-SAGMB and the mixture was incubated at room temperature for 20 

min. Iso-211At-SAGMB-sdAb conjugates were purified by gel filtration using a PD-10 

column eluted with phosphate buffered saline (PBS) as described (21).   



 The iso-211At-SAGMB-sdAbs were evaluated by SDS-PAGE and in some cases, gel-

permeation HPLC (GPC) as described in Supplemental Material. Target binding fractions 

were determined using HER2-coated beads (24) but following a modified procedure 

recently developed (27).  The HER2 binding affinities of therapeutic batches of iso-211At-

SAGMB-5F7 and iso-211At-SAGMB-VHH_1028 were determined on BT474 cells as 

described previously (23). 

In Vitro Experiments 

     Cell Uptake and Internalization Kinetics.  The internalization rate constant (ke) and the 

washout rate constant (kx) for iso-211At-SAGMB-5F7 were determined as reported 

previously (28).  Briefly, BT474 cells (8×105 cells/well/3 mL medium) in 6-well plates were 

incubated overnight at 37oC.  Medium was removed and replenished with fresh medium 

containing 1 nmol of iso-211At-SAGMB-5F7 and the fraction of unbound, surface-bound 

and internalized 211At activity after incubation at 37oC for 1, 2, 3, 4, 5, and 6 h was 

determined as described (23,24). Nonspecific binding, determined in parallel by 

coincubation with a 100-fold molar excess of trastuzumab, was minimal. A similar format 

was used to determine the washout rate constant kx by measuring the loss of internalized 

211At activity as a function of time.  The internalization process was assumed to be linear 

and the internalization rate constant ke was expressed as ke × tin = mi/mb, where tin is the 

incubation time, mi is the internalized fraction and mb is the surface bound fraction.  Rate 

constants were then calculated as described (28).    

     Cell Survival Assay.  The cytotoxicity of iso-211At-SAGMB-5F7 and HER2-unreactive 

iso-211At-SAGMB-VHH_2001 were compared on BT474 cells in a colony forming assay 

as described in Supplemental Materials (29). 



In Vivo Experiments 

     Animal Procedures.  Animal studied conformed to protocols approved by the Duke 

University Animal Care and Use Committee for compliance with the National Institutes of 

Health for use of laboratory animals. 

     Biodistribution. Four-week-old female athymic mice (25 g; Jackson Labs) received 

subcutaneous implants of estrogen pellets (17β-estradiol, 0.72 mg) in the neck.  

Subcutaneous BT474 xenografts were established 2 days later by shoulder inoculation 

of 20×106 BT474 cells in 1:1 (v/v) Matrigel® in tissue culture medium (100 μL).  When 

tumors reached ~250 mm3, animals received iso-211At-SAGMB-VHH_1028 (200 kBq/1 

µg, 100 µL PBS) via intravenous injection. Groups of 5 mice were killed by isoflurane 

overdose 1, 4, and 21 h after injection, and necropsied. Tumor and normal tissues were 

harvested and counted for 211At activity using an automated gamma counter. Results 

were expressed as percent injected dose (%ID) per organ and per gram of tissue (%ID/g).  

The biodistribution of HER2-irrelevant iso-211At-SAGMB-VHH_2001 (130 kBq/1 µg) was 

evaluated in the same way.  Finally, a paired-label study directly compared the tissue 

distribution of iso-125I-SGMIB-5F7 and iso-131I-SGMIB-VHH_1028 in athymic mice 

bearing subcutaneous HER2-expressing SKOV-3 xenografts generated as described 

(25).  Animals received approximately 175 kBq (1 µg) of both radioiodinated anti-HER2 

sdAbs, and groups of 5 mice were necropsied at 1, 4, and 24 h after injection.  For each 

animal, the 131I-to-125I tumor uptake ratio was determined and differences in iso-131I-

SGMIB-VHH_1028 and iso-125I-SGMIB-5F7 tumor accumulation were analyzed for 

statistical significance using a paired t-test.  



     Radiation Dosimetry.  From the iso-211At-SAGMB-VHH_1028 biodistribution data, 

areas under the time activity curves were calculated by trapezoidal integration using 

GraphPad Prism.  These were multiplied by the mean energy per 211At transition (4x10-13 

Gy kg/Bq s) and 211Po daughter (1.2x10-12 Gy kg/Bq s), corrected for the branching ratio.  

The absorbed dose was calculated using a radiation weighting factor of 5 for -particles 

as recommended (30) and expressed as Sv/MBq. 

     Antitumor efficacy. In the first experiment (Detailed in Supplemental Table 1), the 

therapeutic efficacy of iso-211At-SAGMB-5F7 was evaluated in NOD-scid-IL2Rgammanull 

(NSG; Jackson Labs) mice with subcutaneous BT474 xenografts generated as described 

previously (23). Tumor growth was monitored twice a week and tumor volume was 

calculated as volume=length×width2×0.52. When tumor volumes reached 150-300 mm3, 

mice were randomized into 4 groups and injected i.v. with PBS (n=10) or 0.7 (n=4), 1.9 

(n=6), or 3 MBq (n=4) of iso-211At-SAGMB-5F7 (3-14 µg sdAb). Animals were monitored 

for 182 days as described below.  

  In the second experiment (Detailed in Supplemental Table 2), groups of 10-12 female 

athymic mice with ~180 mm3 subcutaneous BT474 xenografts generated as described 

above were injected intravenously with 1, 1.9 or 3 MBq, of iso-211At-SAGMB-VHH_1028 

in 100 µL PBS or PBS alone and monitored for 205 days.   

 In the third experiment (Detailed in Supplemental Table 3), the specificity of the 

therapeutic effect was investigated in female athymic mice bearing BT474 xenografts. 

After estrogen pellet implantation (17β-estradiol, 0.72 mg), mice were supplied with 

ascorbic acid (240 mg/L) and citric acid (1 g/L) in their drinking water to prevent 

urolithiasis.  Mice with ~120 mm3 tumors were randomized into 3 groups, and injected i.v. 



with 1.0 MBq of iso-211At-SAGMB-VHH_1028 (n=11, 3 µg), 1.1 MBq of iso-211At-SAGMB-

VHH_2001 (n=11, 3.7 µg), or PBS (n=10). Animals were monitored for 196 days.  

 In these experiments, mice were euthanized if any of the following occurred: 1) tumor 

volume >1000 mm3, 2) body weight loss >20%, 3) tumor ulceration or necrosis, or 4) any 

other health conditions that necessitated euthanasia per Duke IACUC policy. Deceased 

animals were necropsied to determine cause of death. 

Statistics 

Data are presented as mean ± standard deviation. Methods for statistical and data 

analysis of the therapeutic efficacy studies ae described in the Supplemental Materials. 

 

RESULTS 

Radiosynthesis and Quality Control of iso-211At-SAGMB-sdAb conjugates  

 In previous studies performed with 30-56 MBq 211At activity, Boc2-iso-211At-SAGMB 

was synthesized with 66.8 ± 2.4% average yield in ~4 h (21).  The procedure was 

optimized for ~370 MBq 211At reactions by varying the reaction volume, reaction time, 

acetic acid level and normal-phase HPLC column injection volume.  The Boc2-iso-211At-

SAGMB radiochemical yield (RCY) was lower for ~370 MBq 211At reactions, 31.0 ± 7.1% 

(n=10); the radiochemical purity (RCP) determined by normal-phase HPLC was >99%.  

Deprotection of Boc2-iso-211At-SAGMB to generate iso-211At-SAGMB was almost 

quantitative with a maximum of 222 MBq of iso-211At-SAGMB being produced. 

Conjugation of iso-211At-SAGMB to sdAbs proceeded in 51.9 ± 14.7% (n=9) RCY with no 

significant differences observed among 5F7, VHH_1028 and VHH_2001.  The total 

synthesis time for producing these iso-211At-SAGMB-sdAb conjugates from initial  211At 



activity was 3.5 h with an overall radiochemical yield of 16.1 ± 7.0%.  A typical synthesis 

starting from 370 MBq 211At provided ~74 MBq of 211At-labeled sdAb.  The molar activity 

for the iso-211At-SAGMB-sdAbs was 1.74-4.41 MBq/nmole. 

 SDS-PAGE/phosphor imaging of the iso-211At-SAGMB-sdAbs revealed a single 

radioactive band corresponding to the expected molecular weight of ~13 kDa 

(Supplemental Fig. 1) with a RCP of 97.6 ± 0.8% (n=9).  The RCP of  4 batches of iso-

211At-SAGMB-VHH_1028 also was evaluated by GPC (Supplemental Fig. 2), which 

indicated a single peak at the expected retention time and a RCP of 98.6 ± 1.0%.  The 

target binding fraction of iso-211At-SAGMB-5F7 was 84.3% (n=2) and 87.1% (n=1) for iso-

211At-SAGMB-VHH_1028. No HER2 binding was observed for the HER2-irrelevant iso-

211At-SAGMB-VHH_2001 control.  Saturation binding assays on HER2-expressing BT474 

breast cancer cells performed with therapy-level batches of iso-211At-SAGMB-5F7 and 

iso-211At-SAGMB-VHH_1028 gave Kd values of 4.49 ± 0.39 nM and 3.87 ± 0.88 nM, 

respectively (Supplemental Fig. 3). 

In Vitro Experiments 

     Internalization and Expulsion Rate.  In order to quantify the rate of internalization of 

iso-211At-SAGMB-5F7, the ratio between internalized and surface bound 211At activity was 

plotted as a function of incubation time (Supplemental Fig. 4).  A linear regression was 

run to give ke = (3.79 ± 0.29) × 10-5 (s-1) (95% confidence interval: R2=0.9155). The rate 

constant for 211At loss (expulsion; kx), was determined in similar fashion based on a wash-

out kinetics assay. Expulsion of radioactivity was not observed during the 4-h 

experimental period as the ratio of mi/mb increased; thus, kx was considered to be 0. 



     Cell Survival Assay. The survival fraction of HER2-positive BT474 breast carcinoma 

cells after incubation with varying activity concentrations of iso-211At-SAGMB-5F7 

prepared at 3.9 MBq/nmole is given in Fig.1.  The D0 (activity concentration to reduce 

survival to 37%) was determined to be 1.313 kBq/mL for iso-211At-SAGMB-5F7.  The 

cytotoxicity of the iso-211At-SAGMB-VHH_2001 control was measured in parallel and no 

reduction in survival was observed (Fig.1) demonstrating that the cytotoxicity of iso-211At-

SAGMB-5F7 was HER2 specific. 

In Vivo Experiments 

     Biodistribution and dosimetry.  The tissue distribution of iso-131I-SGMIB-VHH_1028 in 

NSG mice with BT474 xenografts was reported previously (21).  The biodistribution of 

iso-211At-SAGMB-VHH_1028 in athymic mice with subcutaneous BT474 xenografts is 

summarized in Fig. 2.  The tumor uptake of iso-211At-SAGMB-VHH_1028 was 10.28 ± 

0.90% ID/g at 1 h and 10.21 ± 3.10% ID/g at 4 h and decreased to 4.00 ± 1.90% ID/g at 

21 h.  Rapid clearance of radioactivity from normal organs was observed.  The highest 

211At levels were seen in the kidneys, which decreased from 34.20 ± 13.63% ID/g at 1 h 

to 4.46 ± 0.62% ID/g at 4 h.  Thyroid activity levels ranged from 0.53 ± 0.25% at 4 h to 

0.38 ± 0.17% at 21 h (Supplemental Table 4) consistent with only minor dehalogenation 

in vivo.  Tumor uptake of HER2-irrelevant iso-211At-SAGMB-VHH_2001 was 3.17 ± 0.50% 

ID/g, 2.05 ± 0.23% ID/g, and 0.58 ± 0.58% ID/g (Supplemental Table 5) at 1, 4 and 21 h, 

respectively, values 3.2, 5.0 and 7.7 times lower than those for iso-211At-SAGMB-

VHH_1028.    The biodistribution of co-administered iso-131I-SGMIB-VHH_1028 and iso-

125I-SGMIB-5F7 in athymic mice with SKOV-3 xenografts is summarized in Supplemental 

Table 6.  With few exceptions, normal tissue levels for the two sdAbs were not significantly 



different.  In tumor, 131I-to-125I uptake ratios were not significantly different from unity (1.07 

± 0.20 at 1 h, 0.99 ± 0.01 at 4 h and 0.91 ± 0.10 at 24 h) confirming equivalent tumor 

localizing capacity for the 5F7 and VHH_1028 iso-SGMIB conjugates. 

 Radiation absorbed doses calculated from the iso-211At-SAGMB-VHH_1028 

biodistribution data are presented in Table 1 both per MBq and for 3.0 MBq, the highest 

211At activity evaluated in the therapeutic efficacy experiments.  The tumor absorbed dose 

was estimated to be 14.4 Sv/MBq, which was higher than that calculated for all normal 

tissues except the kidneys (14.6 Sv/MBq).  At 3.0 MBq, the tumor was estimated to have 

received a radiation dose of 43.3 Sv.  The tumor absorbed dose for iso-211At-SAGMB-

VHH_2001 was estimated to be 3.08 Sv/MBq, 4.7 times lower than that for iso-211At-

SAGMB-VHH_1028. 

     Antitumor Efficacy.  The first experiment evaluated the therapeutic potential of iso-

211At-SAGMB-5F7 in NSG mice with BT474 xenografts; tumor volumes at treatment and 

dosing details are summarized in Supplemental Table 1.  A dose-dependent tumor 

growth delay was observed (Fig. 3A) - tumor growth was significantly delayed for the 

3.0 MBq group (P<0.0001), to a degree that was significantly greater than in the 1.9 

MBq (P=0.0001) and 0.7 MBq (P<0.0001) groups.  A maximum tumor growth inhibition 

of >50% was observed in 1 of 4 mice in 0.7 MBq group, 5 of 6 in the 1.9 MBq  group 

and all 4 in 3.0 MBq group, both the 1.9 and 3.0 MBq groups having 3 mice with no 

detectable tumors (Fig. 3B).  A significant survival benefit was seen for the treatment 

groups (P<0.0001) with a median survival of 29 d for the control group, and 105.5, 

126.5,  and 143.5 d for the 0.7, 1.9 and 3.0 MBq groups, respectively (Fig. 3C).  No 



significant differences in body weight (Fig. 3D) or other clinically observable signs of 

toxicity were seen between the treatment and control groups. 

 Tumor volumes at treatment and dosing details for the single-dose iso-211At-SAGMB-

VHH_1028 therapy study in athymic mice with BT474 xenografts are summarized in 

Supplemental Table 2.  Significant tumor growth delay was observed in all treatment 

groups (P<0.0001), which was dose dependent (P=0.0011 for 3.0 vs. 1.9 MBq doses; 

P<0.0001 for 3.0 vs. 1.0 MBq doses) (Fig. 4A).  However, the therapeutic responses were 

not significantly different for the 1.0 vs. 1.9 MBq doses.  A single dose of iso-211At-

SAGMB-VHH_1028 resulted in the complete regression of tumors in 8 of 11 mice 

receiving 3.0 MBq, 3 of 12 mice receiving 1.9 MBq, and 3 of 10 mice receiving 1.0 MBq, 

with >50% tumor volume regression seen in 11 of 11, 10 of 12, and 7 of 10 animals 

receiving the 3.0, 1.9 and 1.0 MBq doses, respectively (Fig. 4B).  Significant survival 

benefit (P<0.0001 from Mantel-Cox and Gehan-Breslow-Wilcoxon tests) was observed 

for all treatment groups.  A single dose of iso-211At-SAGMB-VHH_1028 increased the 

median survival from 50.5 d (control group) to 209 d (3.0 MBq group) (Fig. 4C).  No 

significant differences in body weight (Fig. 4D) or other clinically observable signs of 

toxicity were seen between the treatment and control groups. 

 The third therapy study was designed to evaluate the specificity of the iso-211At-

SAGMB-VHH_1028 therapeutic effect by direct comparison to the HER2-unreactive iso-

211At-SAGMB-VHH_2001 control.  A Spaghetti plot of individual mouse tumor volumes 

(Fig. 5A) and a waterfall plot of maximum tumor response (Fig. 5B) indicate significant 

tumor growth delay for the HER2-specific iso-211At-SAGMB-sdAb conjugate with 6 of 11 

mice showing >50% tumor regression and 4 mice showing no evidence of tumor at the 



1.0 MBq dose.  In contrast, no tumor growth delay was seen in animals receiving the iso-

211At-SAGMB-sdAb control.  As shown in Fig. 5C, no significant difference was observed 

between the median survival of the PBS group (44 d) and the iso-211At-SAGMB-sdAb 

control (34 d).  A clear survival benefit was seen for the HER2-specific iso-211At-SAGMB-

VHH_1028 conjugate with a median survival of 159 d vs. 44 d for the PBS group 

(P<0.0001; Mantel-Cox and Gehan-Breslow-Wilcoxon tests).  No significant differences 

in body weight (Fig 5D) or other clinically observable signs of toxicity were seen between 

the treatment and control groups. 

DISCUSSION 

 Because of their rapid and homogeneous tumor penetration (14), sdAbs have 

emerged as an attractive vehicle for TAT (12).  In the present study, we have 

demonstrated dramatic tumor control could be achieved in a HER2-expressing 

subcutaneous model of breast cancer after a single-dose of 211At-labeled HER2-targeted 

sdAbs.  Astatine-211 is ideally suited for labeling sdAbs because its 7.2-h half-life is well 

matched to the ~8 h biologic clearance half-life of labeled sdAbs in humans (19).  

Moreover, in studies where the same sdAb was labeled with different -emitters, kidney 

activity levels were considerably lower for  211At (18) compared with 213Bi (17) and 225Ac 

(16) suggesting that an additional benefit in selecting 211At for labeling sdAbs is the lower 

risk of renal toxicity.  Other more generalizable advantages of 211At for TAT include the 

emission of only 1 -particle per decay, absence of -emitting daughters, and improved 

availability at a reasonable cost (20). 

 Herein we have evaluated a TAT development strategy for HER2-expressing cancers: 

combining the best currently available 211At residualizing agent - iso-211At-SAGMB (21) – 



with HER2-specific sdAbs with high affinity and internalization - properties that should 

enhance and prolong tumor uptake of these small proteins (31).  For anti-HER2 sdAbs, 

initial studies utilized 5F7, which has a HER2 binding affinity of 0.2 nM (32) and exhibited 

excellent uptake in BT474 cells and xenografts after labeling with iso-211At-SAGMB (21).  

VHH_1028 also binds to a trastuzumab-competitive HER2 site with 0.2 nM affinity (25).  

A head-to-head comparison using 131I-SGMIB-5F7 and 131I-SGMIB-VHH_1028 confirmed 

that the two sdAbs cross compete for the same HER2 epitope and bind to BT474 cells 

with nearly identical characteristics (Supplemental Fig. 5). 

 The binding affinities determined on BT474 cells for iso-211At-SAGMB-5F7 and iso-

211At-SAGMB-VHH_1028 were 4.49 ± 0.39 nM and 3.87 ± 0.88 nM, respectively.  The 

iso-211At-SAGMB-5F7 affinity was somewhat higher than measured previously (3.0 nM) 

at lower 211At activities (21) but still suitable for TAT.  Regarding internalization, the 

internalization rate and lack of measurable expulsion of iso-211At-SAGMB-5F7 were in 

excellent agreement with those measured previously on BT474 cells for trastuzumab (28).  

Thus, the cellular residence time for iso-211At-SAGMB-5F7 should be compatible with 

effective cell killing.  Indeed, the cytotoxicity of iso-211At-SAGMB-5F7 (D0=1.313 kBq/mL) 

was higher than that determined for 211At-trastuzumab (1.7 kBq/mL) under similar 

conditions on the same BT474 cell line (28). 

 Therapeutic responses after 211At-trasuzumab treatment have been observed in 

various animal models; however, except for a recent study (33), these have involved 

direct delivery into a tumor-compromised compartment (6,34).  After intrathecal delivery, 

regional differences in therapeutic effectiveness against carcinomatous meningitis were 

observed with 211At-trasuzumab suggesting inhomogeneous distribution of the labeled 



mAb had occurred (6).  In addition, a recent study has demonstrated that unlike 

trastuzumab, sdAbs can be delivered to HER2-positive brain metastases (35) for which 

better treatments are urgently needed (4).  Thus, a 211At-labeled sdAb with trastuzumab-

like binding and internalization properties but capable of more homogeneous delivery 

might be advantageous, provided that the delivery of therapeutically relevant levels to 

tumor could be achieved. 

 Based on the biodistribution of iso-211At-SAGMB-VHH_1028 in athymic mice, a tumor 

dose of 14.4 Sv/MBq was calculated, which is higher than that reported (4.58 Gy/MBq) 

for 211At-trastuzumab in a gastric-cancer-liver-metastases model (33).  We note that the 

BT474 tumor targeting (and kidney uptake) of iso-211At-SAGMB-VHH_1028 determined 

in athymic mice were lower than those reported previously for iso-211At-SAGMB-5F7 in 

NSG mice bearing the same xenograft (21).  Given the similar properties of the two VHH, 

this behavior likely reflects animal model-dependent differences in distribution.  

Consistent with this, the BT474 tumor and kidney uptake of iso-131I-SGMIB-5F7 were 

lower in athymic mice (32,36) than in NSG mice (21).  An additional experiment was 

performed to confirm that differences in the biodistribution of iso-211At-SAGMB-5F7 and 

iso-211At-SAGMB-VHH_1028 reflected the influence of the mouse strain.  A paired-label 

study in athymic mice bearing HER2-expressing SKOV-xenografts demonstrated 

essentially identical tumor uptake of iso-125I-SGMIB-5F7 and iso-131I-SGMIB-VHH_1028 

(Supplemental Table 6).   

 Although different animal models and sdAbs were used, the therapeutic efficacy of 

other -emitter-anti-HER2 sdAb conjugates has been evaluated and can serve as 

benchmarks for comparison.  Using an intracranial SKOV3.IP1 ovarian tumor model, 3 



weekly doses of 225Ac-2Rs15d increased median survival by 35% (6 d) (35).  

Administration of 3 doses of 213Bi-2Rs15d to mice with intraperitoneal SKOV3.IP1 tumors 

increased median survival by 51% and 26% at doses of 0.5 MBq and 1.0 MBq, 

respectively (17).  Although gelofusine was co-administered to reduce renal retention,  

the kidney radiation dose from 213Bi-2Rs15d was 6 times higher than that to tumor (17), 

likely limiting dose escalation. 

 The therapeutic responses we observed after a single dose of iso-211At-SAGMB-

VHH_1028 in the BT474 breast carcinoma model are thus quite encouraging.  Notably, 

even at the lowest dose level investigated (1.0 MBq), median survival was increased by 

361%, from 44 d to 159 d (Fig. 5C), with 4 of 11 animals having complete tumor 

regression, while no significant survival prolongation was observed with the HER2-

irrelevant 211At-sdAb control.  Importantly, these responses were obtained at 211At activity  

that would deliver only 14.6 Sv to the kidneys (Table 1).  Although radiation toxicity 

thresholds for TAT are not well defined, this dose is well below the 23 Gy benchmark 

threshold for renal toxicity for conventional external beam radiation for which 1 Gy = 1 Sv.  

Finally, these results further confirm the potential advantages of TAT for cancer treatment 

– a single dose of iso-211At-SAGMB-VHH_1028 was considerably more effective than 4 

weekly doses of the analogous -emitting iso-131I-SGMIB-VHH_1028 conjugate in the 

same BT474 xenograft model (25). 

 Because VHH_1028 lacks the CDR2 lysine present in 5F7, VHH_1028 might be better 

suited for patient therapy-level labeling.  However, a recent study using SPR analysis 

demonstrated full retention of affinity for 1:1 iso-SGMIB-5F7 conjugate(KD=0.21 nM vs. 

0.22 nM for unmodified 5F7 run in parallel) (36), suggesting that either the CDR2 lysine 



was not reactive for conjugation or its modification did not alter HER2 binding.  With 211At 

at a 1:1 prosthetic agent:5F7 substitution level, this would be equivalent to 1221 GBq/mg.  

Even if the protein dose for an 211At-5F7 therapy was limited to 50 g, the dose 

administered to patients in a recent 131I-labeled anti-HER2 sdAb imaging study (19), this 

would be equivalent to 61 GBq (~1,650 mCi) of 211At, an activity level far exceeding a 

feasible patient therapy dose.  Thus, the CDR2 lysine in 5F7 should not compromise 211At 

labeling at therapeutically relevant activities, suggesting that both 5F7 and VHH_1028 

are excellent candidates for development as 211At-labeled radiopharmaceuticals for 

treating HER2-expressing cancers. 

 A limitation of this study is that it did not include histopathological analysis of acute 

and long-term radiotoxicity, and determination of the maximum tolerated dose.  Given the 

lack of clinically observable toxicities at the highest dose investigated and a median 

survival greater than 6 months, it might be possible to achieve even better single dose 

tumor response at a higher activity level.  A long-term radiotoxicity study is  planned that 

will include histopathological analysis and evaluation of blood chemistry as we have done 

for other 211At-labeled TAT agents (37).  This will provide critical information for designing 

future dose escalation experiments and hopefully, for clinical translation of these 211At-

SAGMB-HER2-targeted sdAb conjugates. 

CONCLUSION 

 TAT with single doses of iso-211At-SAGMB-anti-HER2-sdAb conjugates resulted in 

significant tumor growth delay and survival prolongation in a murine model of HER2-

expressing breast cancer with no apparent normal tissue toxicities.  This TAT strategy 



warrants further consideration for the treatment of patients with HER2-expressing 

cancers. 
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KEY POINTS 

QUESTION:  Are 211At-labeled sdAb conjugates candidates for targeted -particle 

therapy of HER2-expressing cancers? 

PERTINENT FINIDINGS:  211At-labeled sdAbs targeting Domain IV of HER2 controlled 

tumor growth and prolonged survival at single doses of 0.7-3.0 MBq without toxicity while 

a 211At-labeled HER2-irrelevant sdAb was ineffective.  

IMPLICATIONS FOR PATIENT CARE:  Because of their considerable therapeutic 

effects with minimal normal tissue toxicity, these iso-211At-SAGMB-sdAb conjugates could 

provide an attractive therapeutic option for patients who do not respond to conventional 

HER2-targeted therapies. 
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TABLE 1 
Estimated absorbed doses for iso-211At-SAGMB-VHH_1028 in athymic mice with 

subcutaneous BT474 xenografts 

Tissue 
Absorbed Dose 
(Sv/1.0 MBq) 

Absorbed  Dose 
(Sv/3.0 MBq) 

Liver 3.8 11.3 

Spleen 4.8 14.3 

Lungs 3.7 11.2 

Heart 1.8 5.4 

Kidneys 14.6 43.7 

Stomach 9.9 29,7 

Thyroid 3.5 10.6 

Sm. Int. 2.0 6.1 

Lg. Int. 3.5 10.4 

Muscle 0.5 1.4 

Blood 1.1 3.2 

Bone 0.8 2.4 

Brain 0.2 0.5 

Tumor 14.4 43.3 

 

 

 

  



 

Figure 1.  Survival fraction of BT474 breast carcinoma cells after incubation with iso-211At-

SAGMB-5F7 and HER2-irrelevant iso-211At-SAGMB-VHH_2001. 

 

 

 

 

 

 

 

 

 



 

Figure 2.  Biodistribution of iso-211At-SAGMB-VHH_1028 in athymic mice with 

subcutaneous BT474 xenografts. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3.  Therapeutic efficacy of single-dose iso-211At-SAGMB-5F7 in NSG mice with 

BT474 xenografts. (A) tumor volume, (B) maximum tumor response waterfall plot, (C) 

Kaplan-Meier curve, (D) normalized body weight. 

 

 

 

 

 

 

 



 

Figure 4.  Therapeutic efficacy of single-dose iso-211At-SAGMB-VHH_1028 in athymic 

mice with BT474 xenografts. (A) tumor volume, (B) maximum tumor response waterfall 

plot, (C) Kaplan-Meier curve, (D) normalized body weight. 

 

 

 

 

 

 

 



 

 

Figure 5.  Therapeutic efficacy of single-dose iso-211At-SAGMB-VHH_1028 and HER2-

irrelevant iso-211At-SAGMB-VHH_2001 in athymic mice with BT474 xenografts. (A) tumor 

volume in individual mice, (B) maximum tumor response waterfall plot, (C) Kaplan-Meier 

curve, (D) normalized body weight. 
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SUPPLEMENTAL METHODS 

Source of Materials and General Procedures  

 All reagents were purchased from Sigma-Aldrich except where noted.  Astatine-211 

was produced on the Duke University CS-30 cyclotron by bombarding natural bismuth 

targets with 28 MeV α-particles via the 209Bi(α,2n)211At nuclear reaction (20). Astatine-

211 was isolated by dry distillation and trapped in PTFE tubing immersed in a cold trap, 

and eluted with a solution of N-chlorosuccinimide (NCS) in methanol (0.2 mg/mL) as 

previously described (22). N-succinimidyl 5-((1, 2-bis(tert-

butoxycarbonyl)guanidino)methyl)-3-iodobenzoate (Boc2-iso-SGMIB) and its 

corresponding tin precursor (Boc2-iso-SGMTB) were synthesized as reported before (21).  

High-performance liquid chromatography (HPLC) was performed using an Agilent 1260 

Infinity II System and a ScanRam RadioTLC scanner/HPLC detector combination 

(LabLogic; Brandon, FL). HPLC data were acquired and processed using Laura software 

(LabLogic).  Normal-phase HPLC was performed using a 4.6 ᵡ 250 mm RX-SIL column 

(5 μm; Agilent, Santa Clara, CA), eluted in isocratic mode with a mixture of 0.2% acetic 

acid in 70:30 hexanes:ethyl acetate (v/v) at a flow rate of 1.5 mL/min.  Disposable PD 10 

desalting columns for gel filtration were purchased from GE Healthcare (Piscataway, NJ).  

Radioactivity levels in various samples were assessed using either an LKB 1282 (Wallac, 

Finland) or a Perkin Elmer Wizard II (Shelton, CT) automated gamma counter.  Supplies 

for SDS PAGE were obtained from Invitrogen/ThermoFisher Scientific (Waltham, MA). 

Quality Control of iso-211At-SAGMB-sdAb Conjugates 

 The radiochemical purity (RCP) of the three iso-211At-SAGMB-sdAb conjugates was 

determined by SDS PAGE, which was performed using NuPage 10% Bis-Tris gels and 



NuPage MES SDS running buffer (20X) in an Invitrogen mini gel tank.  Labeled sdAbs in 

25 µL PBS were mixed with 25 µL of NuPage LDS sample buffer (4X).  After loading 20 

µL (~11 kBq) of 211At-labeled sdAbs in duplicate lanes along with protein standards 

(PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa), electrophoresis was 

performed at 250 V for 15-20 min.  The gels were exposed to a phosphor plate for 1 min 

before imaging with Cyclone Plus scanner.  In some cases, gel-permeation HPLC (GPC) 

also was used to determine RCP.  For this, an Agilent PL Multisolvent 20 column (7.8 ᵡ 

150 mm) was eluted in isocratic mode with pure Milli-Q® water as the mobile phase at a 

flow rate of 0.3 mL/min.  Under these conditions, the sdAbs elute with a retention time of 

3 min.  

Cells and Cell Culture Conditions 

 Cell culture reagents were purchased from Invitrogen (Grand Island, NY). The BT-474 

human breast carcinoma cell line (ATCC No. HTB-20) was cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% FBS and supplemented with 10 

mg/mL bovine insulin.  Cells were cultured at 37oC in a 5% CO2 atmosphere. 

Cell Survival Assay 

 BT474 cells were seeded into six well plates at a concentration of 2.5 ᵡ 105 cells per 

well before incubating overnight under appropriate cell culture conditions to allow the cells 

to adhere to the plate. On the day of the experiment, media was aspirated from the wells 

before replacing with media containing increasing concentrations, in triplicate, of iso--

211At-SAGMB-5F7.  A preliminary dose finding experiment was performed with activity 

concentrations from 0 to 1000 kBq/mL, and then a dose range of 0 to 2.0 kBq/mL was 

selected for further evaluation.  After a 2-h incubation, each well was aspirated and 



washed three times with 1 mL PBS.  Cells from each well were detached by incubation 

with 0.5 mL of trypsin at 37oC for 3 min before collection with 1 mL of fresh medium.  Cells 

were transferred to sterile tubes, counted and then reseeded into T25 flasks and 

incubated at 37oC for 14 days at which point cells were again detached with trypsin and 

counted. The cytotoxicity of iso-211At-SAGMB-VHH_2001, which served as a HER2-

unreactive control, was measured in parallel in identical fashion.  Survival fractions were 

plotted as a function of initial activity concentration.  The D0 (dose to reduce survival to 

37% on the exponential portion of the curve) and 95% confidence limits of the regression 

fit were determined using linear regression on GraphPad Prism 9 following a reported 

method (28).  

 

Statistics 

 Data are presented as mean ± standard deviation.  Statistical and data analysis for 

the therapeutic efficacy studies was performed as follows: for each group, the average 

body weight and the standard deviation were calculated and plotted versus time.  

Normalized average body weight was calculated by setting the initial average body weight 

on the day of treatment (Day 0) to 100%.  Animals were excluded at the day of death. 

Two-tailed paired t tests were conducted for the normalized average body weight between 

each group, and tests were only conducted for days when alive animals were present in 

each group.  Average tumor volumes and standard deviations were calculated for each 

group and plotted versus time.  When animals died or were euthanized, their tumor 

volume at the day of death was carried forward after the day of death for the calculation 

of average tumor volume.  Two-tailed paired t tests were conducted for the average tumor 



volumes between each group, and tests were only conducted for days when animals 

remained alive in each group.  Differences with a P value < 0.05 were considered 

statistically significant.  For survival data, log-rank (Mantel-Cox) test, log-rank test for 

trend, and Gehan-Breslow-Wilcoxon test were conducted.  Maximum tumor response 

waterfall plots were generated for the therapy studies by recording the maximum tumor 

response (growth or inhibition) for each mouse during the experimental period.  Tumor 

growth inhibition (TGI) was calculated as follows: 

𝑇𝑇𝑇𝑇𝑇𝑇 = �1 −
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝐴𝐴𝑁𝑁 𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁 𝑉𝑉𝑁𝑁𝑁𝑁𝑇𝑇𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑇𝑇𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇 𝑇𝑇𝑁𝑁𝑁𝑁𝑇𝑇𝐺𝐺 𝑁𝑁𝑇𝑇 𝐷𝐷𝑁𝑁𝐷𝐷 𝑋𝑋
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝐴𝐴𝑁𝑁 𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁 𝑉𝑉𝑁𝑁𝑁𝑁𝑇𝑇𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 𝐶𝐶𝑁𝑁𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁 𝑇𝑇𝑁𝑁𝑁𝑁𝑇𝑇𝐺𝐺 𝑁𝑁𝑇𝑇 𝐷𝐷𝑁𝑁𝐷𝐷 𝑋𝑋

�

× 100% 

TGI was plotted as a function of time. All data analyses were performed using GraphPad 

Prism 9.  

 

 

  



Supplemental Tables 

 
Supplemental Table 1. Experimental details for the single-dose iso-211At-SAGMB-5F7 
therapy study in NOD SCID mice bearing subcutaneous BT474 breast carcinoma. 
xenografts. 
 

Group Initial Tumor Volume 
(mm3) 

211At Dose (MBq) sdAb Dose (𝜇𝜇g) 
PBS control 293.2 ± 120.5 0 0 
Low dose 157.1 ± 27.7 0.7 3 
Medium dose 253.8 ± 88.3 1.9 8.5 
High dose 212.5 ± 163.6 3.0 14 
 
 
 
Supplemental Table 2. Experimental details for the single-dose iso-211At-SAGMB-
VHH_1028 therapy study in athymic mice bearing subcutaneous BT474 breast 
carcinoma. xenografts. 
 

Group Initial Tumor Volume 
(mm3) 

211At Dose (MBq) sdAb Dose (𝜇𝜇g) 
PBS control  207.7 ± 73.3 0 0 
Low dose 186.9 ± 99.9 1.0 10.6 
Medium dose 174.4 ± 77.4 1.9 17.8 
High dose 178.3 ± 102.4 3.0 16.7 
 
 
  



Supplemental Table 3. Experimental details for the comparison of the therapeutic 
effectiveness of iso-211At-SAGMB-VHH_1028 and iso-211At-SAGMB-VHH_2001 
nonspecific sdAb in athymic mice bearing subcutaneous BT474 breast carcinoma 
xenografts. 
 

Group Initial Tumor Volume 
(mm3) 

211At Dose (MBq) sdAb Dose (𝜇𝜇g) 

PBS control  126.8 ± 80.3 0 0 
iso-211At-SAGMB-
VHH_1028 120.7 ± 49.5 1.0 3 
iso-211At-SAGMB-
VHH_2001 120.6 ± 69.7 1.1 3.7 
 

Supplemental Table 4. Biodistribution of iso-211At-SAGMB-VHH_1028 anti-HER2 sdAb 
in athymic mice bearing subcutaneous BT474 breast carcinoma xenografts. 

Percent injected dose per gram of tissuea 
Tissues 1 h 4 h 21 h 

Liver 5.48 ± 1.42 1.96 ± 0.25 0.43 ± 0.19 
Spleen 4.24 ± 1.82 3.31 ± 1.23 0.51 ± 0.29 
Lungs 4.50 ± 2.61 2.15 ± 1.38 0.72 ± 0.31 
Heart 1.67 ± 0.72 1.15 ± 0.50 0.24 ± 0.12 
Kidneys 34.20 ± 13.63 4.46 ± 0.62 0.57 ± 0.23 
Stomach 5.61 ± 2.51 7.61 ± 2.77 1.49 ± 0.87 
Thyroidb 0.42 ± 0.18 0.53 ± 0.25 0.38 ± 0.17 
Sm. Int. 2.24 ± 1.29 1.28 ± 0.28 0.24 ± 0.08 
Lg. Int. 0.77 ± 0.54 2.98 ± 0.93 0.33 ± 0.12 
Muscle 0.53 ± 0.04 0.27 ± 0.07 0.09 ± 0.04 
Blood 1.41 ± 0.89 0.58 ± 0.13 0.14 ± 0.05 
Bone 0.92 ± 0.53 0.52 ± 0.21 0.13 ± 0.05 
Brain 0.15 ± 0.04 0.10 ± 0.03 0.03 ± 0.01 
Tumor 10.28 ± 0.90 10.21 ± 3.10 4.00 ± 1.90 
aMean ± SD (n=5); b% injected dose/organ 
 
  



Supplemental Table 5. Biodistribution of iso-211At-SAGMB-VHH_2001 anti-GFP sdAb 
in athymic mice bearing subcutaneous BT474 breast carcinoma xenografts. 
 

Percent injected dose per gram of tissuea 
Tissues 1 h 4 h 21 h 

Liver 7.29 ± 0.95 2.60 ± 0.49 0.31 ± 0.09 
Spleen 7.57 ± 2.01 4.63 ± 1.06 1.03 ± 0.64 
Lungs 4.97 ± 1.57 3.85 ± 0.36 1.00 ± 0.45 
Heart 2.12 ± 0.20 1.39 ± 0.27 0.35 ± 0.20 
Kidneys 68.18 ± 11.15 5.46 ± 0.94 0.65 ± 0.22 
Stomach 16.36 ± 3.66 18.56 ± 3.67 3.01 ± 1.84 
Thyroidb 0.62 ± 0.21 1.02 ± 0.21 1.13 ± 0.86 
Sm. Int. 1.96 ± 0.28 1.84 ± 0.32 0.40 ± 0.26 
Lg. Int. 0.86 ± 0.06 2.38 ± 0.42 0.32 ± 0.16 
Muscle 0.94 ± 0.10 0.53 ± 0.21 0.12 ± 0.06 
Blood 1.55 ± 0.35 0.73 ± 0.07 0.19 ± 0.09 
Bone 1.25 ± 0.08 0.82 ± 0.15 0.18 ± 0.05 
Brain 0.20 ± 0.02 0.13 ± 0.01 0.04 ± 0.02 
Tumor 3.17 ± 0.50 2.05 ± 0.23 0.58 ± 0.31 
aMean ± SD (n=5); b% injected dose/organ 
 
 
  



Supplemental Table 6. Paired-label biodistribution of iso-125I-SGMIB-5F7 and iso-131I-
SGMIB-VHH_1028 in athymic mice bearing HER2-expressing SKOV-3 ovarian 
carcinoma xenografts. 
 

              Percent injected dose per grama 
  1 h 4 h 24 h 

tissue 5F7 VHH_1028 5F7 VHH_1028 5F7 VHH_1028 
Liver 5.86 ± 0.73 5.15 ± 0.45 2.11 ± 0.49 1.88 ± 0.45 0.43 ± 0.04 0.31 ± 0.03c 

Spleen 1.96 ± 0.57 1.62 ± 0.44 0.64 ± 0.23 0.52 ± 0.18 0.15 ± 0.04 0.13 ± 0.02 
Lungs 1.76 ± 0.16 2.72 ± 0.41c 0.31 ± 0.12 0.57 ± 0.15c 0.06 ± 0.03 0.06 ± 0.02 
Heart 0.55 ± 0.06 0.67 ± 0.08 0.13 ± 0.02 0.17 ± 0.02 0.02 ± 0.01 0.03 ± 0.02 

Kidneys 43.56 ± 8.26 42.63 ± 7.79 2.72 ± 0.60 2.80 ± 0.61 0.12 ± 0.07 0.12 ± 0.06 
Stomach 1.30 ± 0.43 0.95 ± 0.34 0.65 ± 0.09 0.44 ± 0.06c 0.02 ± 0.01 0.02 ± 0.01 
Sm. Int. 1.33 ± 0.34 1.32 ± 0.41 0.52 ± 0.15 0.51 ± 0.17 0.02 ± 0.01 0.02 ± 0.01 
Lg. Int. 0.27 ± 0.22 0.25 ± 0.19 1.71 ± 0.71 1.76 ± 0.61 0.08 ± 0.07 0.07 ± 0.06 
Muscle 0.24 ± 0.15 0.22 ± 0.10 0.05 ± 0.02 0.03 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 
Blood 0.92 ± 0.38 1.05 ± 0.24 0.16 ± 0.01 0.26 ± 0.05c 0.06 ± 0.05 0.04 ± 0.01 
Brain 0.09 ± 0.08 0.09 ± 0.07 0.01 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 

Thyroidb  0.10 ± 0.09 0.08 ± 0.07 0.09 ± 0.02 0.04 ± 0.04 0.09 ± 0.04 0.04 ± 0.02 
Tumor 7.52 ± 4.90 7.46 ± 4.60 9.34 ± 3.95 9.30 ± 4.00 3.83 ± 2.05 3.52 ± 2.13 

amean ± SD, n=5; bPercent injected dose in thyroid;  cDifference statistically signficant P <0.05 
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