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ABSTRACT 

In this study, the optimization of daunorubicin labeling with iodine-125 and its 
biological evaluation were described. Daunorubicin was labeled via direct 
electrophilic substitution using chloramine-T as oxidizing agent. The optimum 
amounts of reactants were: 40µg daunorubicin, 30 µg Chloramine-T and ~ 19 
KBq carrier free Na125I. The labeled daunorubicin was stable for more than 24 
hours. Results of the in-vivo evaluation revealed that the tracer, [125I] 
daunorubicin, tends to localize in tissues with high proliferation rate with 
preferential accumulation in cancerous tissues. Imaging should be carried at 3 
hours post injection. The in-vitro cell growth inhibition assay showed that the 
effect of [125I] Daunorubicin was stronger than the effect of cold daunorubicin 
which strongly suggested that its cytotoxicity was mainly due to radiotoxicity 
rather than chemotherapeutic activity.  
Keywords, Daunorubicin, auger- electron emitters, iodine-125, tumor 

targeting, radionuclides therapy. 
 

INTRODUCTION 

Daunorubicin is a chemotherapeutic agent used in the treatment of 
hematopoietic malignancies, such as acute lymphocytic and acute myelogenous 
leukemia, as well as some lymphomas and breast cancer (1). There are several 
proposed mechanisms of daunorubicin, most notably DNA intercalation, with a 
preference for dGdC-rich regions flanked by A/T basepairs (2). Daunorubicin 
has also been shown to inhibit DNA topoisomersase II by trapping DNA strand 
passage intermediates, eventually resulting in DNA single-strand and double-
strand breaks. Bachur et al, reported that the formation of DNA-anthracycline 
complexes can significantly modify the ability of the helicases to separate DNA 
into single strands in an ATP-dependent fashion, thereby hindering the process 
of strand separation and limiting replication (3). There are also reports that this 
drug can inhibit protein kinase C pathways (4). Patients often initially respond 
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but then relapse due to resistance mechanisms, such as P-170 glycoprotein–
mediated drug efflux, altered topoisomerase II activity, or overexpression of 
bcl-2 (5). 

The cumulative and dose-dependent toxicities that have limited the 
usage of daunorubicin are myelosuppression, mucositis, and cardiotoxicity (6–8). 
The risk of anthracycline-induced cardiotoxicity is 10% to 26% and is 
dependent primarily on dose (9, 10). Anthracycline-induced cardiotoxicity is 
thought to be mediated through reactive oxygen species production. 
Experiments conducted on rat cardiomyocytes have shown that corticosterone 
can inhibit apoptosis induced by doxorubicin, a structural analogue of 
daunorubicin. This effect was mediated by the regulation of multiple genes, 
including antioxidant/detoxification enzymes, receptors, signaling molecules, 
and amino acid and protein synthesis (11). Furthermore, Yi et al. have identified 
significant gene expression changes in mice after doxorubicin treatment, 
including a series of genes that encode oxidative stress-related proteins, signal 
transduction, and apoptotic proteins (12). Matrix metalloproteinases 2 and 9 
expression levels were enhanced in mice after acute doxorubicin treatment (13). 
In humans, tumor necrosis factor α and phospholipase C-δ1 have been shown to 
be critical in doxorubicin-induced cardiotoxicity (14). The genes important in 
daunorubicin-induced cardiotoxicity have not been well studied. 

In this study, the factors affecting the radioiodination of daunrubicin 
were investigated using chloramine-T method to optimize the conditions for the 
preparation of the labeled compound in high radiochemical yield and purity. 
The molecular structure of daunorubicin is shown in Fig.(1). 

Experimental 

Daunorubicin was obtained from SGX Pharmaceuticals. Na125I was 
purchased from Institute of Isotope CO. Budapest, Hungary as non-carrier 
added solution diluted with NaOH. Chloramine-T was purchased from Aldrich 
Chemical Co. QIAamp DNA Kit was purchased from QIAGEN Ltd., UK. Lysis 
buffer Al and washing buffers AW1 & AW2 were purchased from QIAGEN 
Ltd., UK. All other chemicals were purchased from Sigma Chemical Company, 
USA. 

Methods 

Daunorubicin labeling 

In a 1ml volume reaction vial, that could be tightly closed by a screw 
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cap, daunorubicin (40 µg) was dissolved in  0.5 M phosphate buffer (100μl, pH 
5.5) followed by the addition of chloramine- T (30 µg, freshly prepared in 
water). Then approximately 22 MBq carrier-free Na125I was added. The reaction 
mixture was kept at room temperature for 10 minutes. The reaction was 
quenched by the addition of 0.2 N Na2S2O5 (100µl). Labeling efficiencies were 
determined by paper electrophoresis. 

HPLC, NMR Analysis 

HPLC analysis was carried out using a reversed-phase method as 
follows. An HPLC system (ThermoQuest Corp., San Jose, CA, USA) equipped 
with UV and radioisotope detector (Bioscan, Inc., Washington, DC, USA) was 
used. Analysis was carried out using a Luna C18 reversed-phase column with a 
10mm guard column. The column was eluted at 1.5 ml/min with a linear 
gradient starting with 100% solution A (0.5M ammonium acetate, pH=6.8) and 
ending with 60% solution B (50% methanol in deionized water).  The reaction 
mixture was transferred to 12 X 75 mm glass tube evaporated to dryness under 
nitrogen. The dried residue was resuspended in the mobile phase (175µl) and 
injected into the HPLC. The peak corresponding to the labeled daunorubicin 
was obtained at 10 minutes retention time. 1HNMR of iodo- daunorubicin was 
performed using Varian Gemini spectrometer (Varian, Mountain View, CA, 
USA) with DMSO. 1HNMR (in Me2SO-d6): 3.746 (1, 3H), 2.127 (2, 3H), 1.282 
(3, 3H, d, J=6.900), 7.933 (13, 1H, d, J=8.328), 7.364 (14, 1H, d, J=8.328), 
3.032 (15, 1H, d, J=15.767), 3.263 (15, 1H, d, J=15.767), 1.269 (16, 1H, ddd, 
J=13.796, J=3.470, J=2.680), 1.641 (16, 1H, ddd, J=13.796, J=10.260, 
J=10.170), 3.089 (17.402, J=10.070), 3.976 (34, 1H, qd, J=6.900, J=2.650), 
3.150 (35, 1H, td, J=10.170, J=3.470), 3.490 (36, 1H, dtd, J=10.260, J=6.681, 
J=2.680), 3.315 (37, 1H, dtd, J=10.070, J=9, 2H, dd, J=9.304, J=6.681), 2.438 
(18, 1H, dd, J=14.402, J=3.830), 2.179 (18, 1H, dd, J=14.304, J=3.830), 3.881 
(38, 1H, dd, J=10.170, J=2.650) 

Electrophoresis was performed using EC 3000P-series 90 
programmable (E-C apparatus corporation) power supply and chamber unit. 
Cellulose acetate strips were moistened with 0.05M phosphate buffer pH 7. 
Samples of 5μl were applied at a distance of 15 cm from the cathode. Current at 
300 V was applied for one and half hour. Developed strips were removed, dried 
cut into 1 cm segments. They were counted using well type NaI scintillation  
γ-counter. Electrophoresis diagrams were obtained from these counts. 

Three peaks resulted, one corresponding to the free iodide that moved 
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towards the anode with 16 cm distance at the conditions mentioned before. The 
second peak remained at the point of spotting and the third fraction migrated 
towards the anode to a lesser extent equal to 8 cm.  

On table stability: 

This experiment was conducted to determine the stability of [125I] - 
daunorubicin after labeling. The yield was measured at different time intervals 
ranging from 1 to 48 hours using paper electrophoresis. 

Biodistribution in mice 

For animal experiments, the labeled daunorubicin was purified by 
HPLC. Purification was carried out using an Alltech C18 column with 10mm 
guard column and the same solvent was used and detector conditions, which 
had been used in the analysis procedure. Normal and tumor – bearing Balb/c 
mice, weighing 20-25g, were used for biodistribution study. [125I] daunorubicin 
(37 KBq in 0.2ml) was injected intravenously via the tail vein. At appropriate 
time intervals after injection, mice were sacrificed. The organs as well as the 
other body ports were dissected (15). Activity in each organ was counted and 
expressed as a percent of the injected activity per organ. Correction was made 
for background and physical decay during experiment. 

Tumor induction 

Exponentially growing Ehrlich Ascites cells were adjusted to 12.5 x 106 
cells/ml in PBS. Cells (2.5 x 106 in 0.2 ml) were injected intraperitoneally to 
produce ascites (16). Animals were maintained on normal diet for 10-15 days till 
tumor size reached an estimated size of 0.5-1 g.  

In-vivo studies 

In-vitro cell growth inhibition 

Ehrlich Ascites cell line was grown within a humidified, 5% CO2 
incubator at 37 oC. RPMI 1640 media was prepared to contain approximately 10 
ng/ml folic acid and was supplemented with 10% fetal bovine serum and 
gentamicin (100μg/ml). Cell suspensions containing 10 000 cells/ml and 5000 
cells/ml were prepared and 0.1 ml of suspension (ie, containing 1000 or 500 
cells) was dispensed into well of 12 96-well plates. After allowing the cells to 
attach for 48 hours, media was aspirated through a 25 gauge needle. Following 
aspiration, RPMI media (100 μl) containing different amounts of daunorubicin 
(cold and labeled) were added. Each plate was prepared in an identical fashion, 
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with four wells used for each concentration of daunorubicin. Cells were 
incubated with the daunorubicin for 24 hours, and media was then aspirated. 
Each well was then washed 4 times with daunorubicin free media (100 μl). Cell 
number was determined on days 1, 3, 5, 7, 9, 13, 15 and 17 using one plate per 
assay, via the tetrazolium assay. Briefly on the day of analysis, media was 
aspirated from all wells of the assay plate. Fresh media (100 μl) and exactly 25 
μl MTT solution [3-(4,5-Dimethyl-2-thiazol)-2,5-diphenyl-2H tetrazolium 
bromide; 5 mg/ml in phosphate saline buffer, pH 7.4] were added to each well, 
and the plate was incubated for 4.5 hours at 37oC in the incubator. After 
incubation, 10% SDS-0.01 M hydrochloric acid (100 μl) was added to each 
well, and the plate was incubated overnight at 37oC. Absorbance in each well 
was determined at 590nm using a plate reader. Cell number was determined 
through the use of standard curve that relate the absorbance to cell count (linear 
range 156 to 12500 cells). The cell number was determined for each treatment. 

RESULTS AND DISCUSSION 

Iodination of daunorubicin was performed using Chloramine-T as 
oxidizing agent. The iodonium ion undergoes electrophilic substitution to the 
hydrogen ion in p position with respect to the methoxy group of daunorubicin as 
in Figure 1. Structure elucidation using 1HNMR and Mass spectroscopy 
confirmed the proposed structure of iodo-daunorubicin Radiochemical purity 
was high the yield always exceeded 94% and the specific activity for the 
produced compound was found to be 205KBq. Factors affecting the labeling 
yield were studied and the results were presented in the following sections: 

 

Figure (1): Molecular structure of daunoruibicin 
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Effect of daunorubicin amount 

The quantity of daunorubicin used during this study ranged from 10 to 
60µg. The data presented in Figure 2 clearly showed that the labeling yield 
increased as the substrate concentration increased depending on the molar ratio 
of daunorubicin to iodinium ion. The optimum daunorubicin concentration 
which gave the highest radiochemical yield, at the experimental conditions, was 
found to be equal to 40µg. 
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Figure (2): Percent labeling yield of [125I] daunorubicin as a function of 
daunorubicin concentration. Reaction conditions: X µg daunorubicin,   
100 µl 0.5M acetate buffer pH 5.5, 22 MBq carrier-free Na125I,  30 µg  
chloramine T, reaction time 10 min, reaction temperature 25 ± 1oC  

and 100µl 0.2 N Na2S2O5 solution. 

Effect of Chloramine-T amount 

The influence of Chloramine-T concentration on the radioiodination of 
daunorubicin was studied at pH 5.5. The Chloramine-T concentration ranged 
from 10 to 50µg. The results of this study are shown in Figure 3. A high 
radiochemical yield of [125I] daunorubicin (94.8%) was achieved by using 30 µg 
of Chloramine-T. At a concentration of 10 µg of Chloramine-T, the yield of       
[125I] daunorubicin was low (36.6%) and this may be attributed to the 
insufficiency of Chloramine-T to oxidize all iodide ions to iodonium ions which 
is the reactive ion (17). A slight decrease in the radiochemical yield of [125I] 
daunorubicin was observed while increasing Chloramine-T concentration above 
30µg indicating that the over excess of Chloramine-T is an undesirable aim to 
avoid non-reacted oxidized species which interfere with the labeling reaction. 
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Figure (3): Percent labeling yield of [125I]daunorubicin as a function of oxidizing 

agent content. Reaction conditions: 40 µg daunorubicin, 100 µl 0.5M acetate  
buffer pH 5.5, 22 MBq carrier-free Na125I,  X µg chloramine-T, reaction  

time 10 min, reaction temperature 25 ± 1oC and 100µl 0.2 N Na2S2O5 solution. 

Effect of pH 

The pH of the reaction medium was found to be a critical factor 
affecting the radiochemical yield of [125I] daunorubicin. The data of this study 
are presented in Figure 4. At pH 2, the yield was very poor and did not exceed 
60%. At pH 5.5, the yield was high (94.8%). This result was found in good 
agreement with Grove et al. on the labeling of UdR (18). At alkaline pH 10, the 
predominant product was the oxidized species which exceeded 50%. 
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Figure (4): Percent labeling yield of [125I] daunorubicin as a function of pH of the 
reaction mixture. Reaction conditions: 40 µ daunorubicin,  100 µl buffer pH = X, 
22 MBq carrier-free Na125I,  30 µg chloramine - T,  reaction time 10 min, reaction 

temperature 25 + 1oC and  100µl 0.2 N Na2S2O5 solution. 
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Effect of reaction time 

The radiochemical yield of [125I] daunorubicin was determined at 
different time intervals ranging from 1 to 30 min. The obtained results were 
illustrated in Figure 5. It was clear from the figure that the radiochemical yield 
was significantly increased when increasing the reaction time from 5 min to 
reach the optimum at 10 min. Increasing the reaction time up to 30 min caused 
no significant change in the radiochemical yield. 
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Figure (5): Percent labeling yield of [125I] daunorubicin as a function of reaction 

time. Reaction conditions: 40 µg daunorubicin, 100 µl 0.5M acetate buffer pH 5.5, 
22 MBq carrier-free Na125I, 30 µg chloramine- T, reaction time X min, reaction 

temperature 25 + 1oC and 100 µl 0.2 N Na2S2O5 solution. 

Effect of temperature 

The radiochemical yield of [125I]-daunorubicin was determined at 
different reaction temperatures ranging from 25°C to 100°C. The data presented 
in Figure 6 show that the labeling reaction proceeded well at room temperature 
(25+ 1°C) 
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Figure (6): Percent labeling yield of [125I] daunorubicin as a function of reaction 

temperature. Reaction conditions: 40 µg daunorubicin, 100 µl 0.5M acetate buffer 
pH 5.5, 22 MBq carrier-free Na125I,  30 µg chloramine-T,  reaction time 10 min and  

100µl 0.2 N Na2S2O5 solution was added. 

On table life time 

[125I] daunorubicin prepared by direct iodination using Chloramine-T as 
oxidizing agent was found stable for more than 24 hours. Results are shown in 
table 1. 
Table (1): In-vitro stability of 125I- daunorubicin as a function of time 

Time (hr) % labeled compound % Free iodide 
1 94.3 ± 0.3 5.7 ± 0.4 
4 93.9 ± 0.1 6.1 ± 0.3 
8 92.6 ± 0.6 7.4 ± 0.2 

24 91.1 ± 0.2 8.9 ± 0.4 
48 89.2 ± 0.3 10.8 ± 0.1 

Mean ± SEM 

In-vivo studies 

Biodistribution Studies 

Ehrlich tumor mouse model is a widely used useful model for 
preclinical evaluation of novel therapeutics (19-21). Daunorubicin pharmaco-
kinetics (22) was characterized by a three compartment phase linear model. 
Daunorubicin has a long terminal half-life (82 hours) and a systemic clearance 
comparable to the glomerular filtration rate (137 mL/min). Biodistribution 
studies of [125I] daunorubicin in normal and in ascites bearing mice showed that 



A.S. El-Bayomy et al., J. Rad. Res. Appl. Sci., Vol. 5, No. 2(2012) 55 

it was sufficiently stable and there was no sign of in-vivo degradation as the 
thyroid uptake was practically insignificant. The results of this study are 
presented in Table 2. The distribution pattern of the tracer in the tumor model 
was similar to large extent to that in normal mice except in the ascitic fluid. It 
was noted that most of the activity was eliminated via the kidneys and 
accumulated in the bladder after 60 minutes of administration reflecting 
daunorubicin normal metabolic pathway. [125I] daunorubicin cleared from all 
body organs two hours post administration except the activities in bone, 
stomach and intestine due to high proliferation rate of these tissues. The ascetic 
fluid uptake of the tracer was significantly high 6.4% and 10.4% after 30 and 
120 min respectively which clearly indicated the efficacy of [125I] daunorubicin 
to accumulate and localize specifically in tumor sites. 

Table (2): Percent injected dose per organs and body fluids (in % I.D. / organs) of 
[125I]-  daunorubicin in non tumor bearing albino mice 

  15 30 120 min 
Liver  18.3 + 0,4 28.3 + 1 15.6 + 0.4 
Urine 6.6 + 0.5 15.6 + 0.4 27.2 + 0.1 
Kidneys 5.2 + 0.1 10.6 + 0.3 4.2 + 0.2 

Blood 25.5 + 0.6 5.5 + 0.1 1.1 + 0.1 
Heart  0.4 + 0.6 0.3 + 0.3 0.2 +-0.1 
Lungs 0.9 + 0,1 1.8 + 0.2 0.2 + 0.1 
Intestine and stomach 12.9 + 0.5 21.5 + 0.1 3.6 + 0.1 

Spleen 0.4 + 0.1 2.2 + 0.1 0.7 + 0.2 
Bone 5.1 + 0.1 4.7 + 0.2 3.6 + 0,1 
Collected feces - 2.5 + 0.1 12.2 + 0.6 
Ascitic fluid 4.2 + 0.3 6.4 + 0,1 10.4 + 0.4 

Mean ± S.E. (mean of three mice). 

 [125I] Daunorubicin binding assay 

The cell membrane is impermeable to inorganic radioactive iodine. 
Daunorubicin effectively act as a vector to deliver the radioisotope to the 
nucleus where the 125I- daunorubicin is incorporated into DNA and produced the 
cytotoxic effect.  

In-vitro cell growth inhibition assay 

The MTT [3-(4,5-Dimethyl-2-thiazol)-2,5-diphenyl-2H tetrazolium 
bromide] system is a simple, accurate and reproducible means of measuring the 
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activity of living cells via mitochondrial dehydrogenase activity. The yellow 
tetrazolium salt (MTT) is reduced in metabolically active cells to form insoluble 
purple formazan crystals, which are solubilized by the addition of a detergent. 
The color can then be quantified by spectrophotometric means (23). For each 
type of cell a linear relationship between cell number and absorbance is 
established, enabling accurate, straightforward quantification of changes in 
proliferation (24). The time course of cell growth for the Ehrlich Cells is shown 
in Figure 7. In the absence of daunorubicin, the cell line exhibited exponential 
growth. [125I] daunorubicin induced concentration-dependent inhibition in 
apparent cell growth. Cell number reached nadir values at 360 and 432 hours for 
the [125I] daunorubicin concentration of 60KBq and 180KBq respectively. 
However, [125I] daunorubicin effects were significantly delayed relative to the 
time course of drug exposure. Little change in cell number was observed during 
the 24-hour incubation of the drug (i.e., immediately following [125I] 
daunorubicin removal, cell number was not significantly different from the 
untreated cell line. p> 0.05 for Ehrlich cell line). The effect of [125I] 
daunorubicin was stronger than the effect of cold daunorubicin; the cell number 
reached nadir values at 360 and 120 hours, respectively. This strongly suggested 
that [125I] daunorubicin cytotoxicity was mainly due to radiotoxicity rather than 
chemotherapeutic activity. 
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Figure (7): Cold and 125I labeled daunorubicin effects on the time course of Ehrlich 

ascites cell growth. Cells were treated with daunorubicin for 24 hours. After 
removal of daunorubicin, cells were fed with fresh media every 48 hours. 
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CONCLUSION 

Daunorubicin has been labeled successfully with 125I. The labeled 
compound was stable for more than 24 hours at room temperature. The 
biodistribution pattern of the tracer showed that no free radio-iodide was 
observed in the thyroid indicating in-vivo stability. [125I] daunorubicin 
accumulated specifically in the tumor sites (ascites) and was quickly cleared 
from most of the body organs suggesting that it could be used as a tracer for 
cancer diagnosis. The binding assay and the in-vitro cell growth inhibition assay 
indicated that [125I] daunorubicin may be a potential drug for cancer therapy. 
The uptake of the labeled tracer is mainly mediated through passive diffusion.  
Thus the deficiency of the nucleoside transporter is unlikely to cause resistance 
to the drug. Further biological evaluation should be done to test the possibilities 
of achieving therapeutic levels of the radiation dose in cancer cells in man and 
the possibilities of dose fractionation. 
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