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Introduction 
Positron Emission Tomography (PET) is a highly sensitive imaging 

modality that provides functional information about pathologically 
relevant processes. The procedure generally involves the injection 
of a positron-emitting radiotracer and further detection/image 
reconstruction of the gamma rays produced upon electron-positron 
annihilation [1,2]. Currently the most used radionuclides for PET 
applications have relative short half-lives, for instance 11C (20.4 min 
half-life), 13N (9.97 min) and 18F (110 min). The use of radiotracers 
with longer half-lives involves a range of potential benefits, such as an 
increased time available for synthesis and quality control, imaging of 
long metabolic/physiologic processes, etc. [3,4].

Iodine-124 (124I-) is an attractive isotope of iodine due to its 
complex radioactive decay scheme and convenient half-life (4.18 d). 
There are several modes for the production of Iodine-124, but the 
nuclear reaction 124Te(p,n)124I offers the highest purity (with only few 
other radionuclidic impurities, <0.1%) and also the most convenient 
one, since the maximum cross-section for the reaction is below 14 MeV 
placing it within the capacity of most available cyclotrons [5,6].

With the increasing use of positron emission tomography (PET) 
in nuclear medicine, medical oncology, pharmacokinetics and drug 
metabolism, 124I-labeled radiopharmaceuticals could be most useful 
for PET imaging [7-9]. Furthermore, the 4.18 d half-life would permit 
their use in PET facilities far away from the radionuclide production 
centers (satellite concept). Sodium [124I] iodide is already reportedly 
used for diagnosis and treatment planning in thyroid disease [10,11]. In 
addition to the growing number of [124I]-labeled small molecules studied 
in recent years, notably [124I]m-iodobenzylguanidine ([124I]MIBG) [12] 
and [124I]2’-fluoro-2’-deoxy-5’-iodo-1β-D-arabinofuranosyl-uracil 
([124I]FIAU) [13]. There is also a strong interest in the high selectivity/
sensitivity features from [124I]-labeled antibodies [14,15]. Limited 
availability of this radionuclide so far has been a hindrance to its wider 
development and clinical use, for example its commercially available 
from just a couple of producers worldwide (IBA Molecular, Perkin 
Elmer, etc.). 

There are two key quality attributes that need to be determined in 
124I- solutions to be used in radiotracer synthesis: 

1) Specific Activity (SA), it is defined as the radioactivity per unit

mass of a radionuclide or a radiotracer. In practice, the radioactivity 
and mass of a sample are determined by different methods in order to 
get the final SA expressed as a ratio, where the radioactivity is expressed 
in Curies (Ci) or Becquerels (Bq), and the mass can be expressed in 
grams or moles.

2) Amount of tellurium present in the form Te(IV), potentially
coming from the staring material (enriched Tellurium oxide), it can 
potentially interfere with labelling reactions and also represents a 
chemical impurity (heavy metal), so it needs to be taken into account 
in an eventual clinical application. 

In our case, the SA is obtained from the radioactive measurement 
of 124I- using a dose calibrator or another appropriate instrument; 
however the measurement of the often small amount of matter (non-
radioactive iodine, ng to fg range) requires very sensitive methods of 
detection. For this purpose spectrophotometric methods are preferred 
due to its simplicity and low-cost, but the extinction coefficient for the 
analyte of interest (I-) is not appropriate for the working range intended 
and therefore the sensitivity needs to be increased. To this end we use 
a derivatization process in which the iodine is reacted in-situ with 
2-naphthol or β-naphthol using either Chloramine T (C-T) or Iodogen 
as oxidation reagents. The resulting product 1-iodo-2-naphthol (Figure 
1A) has a very large extinction coefficient, thanks to the 2-naphthol
moiety and since the reaction is quantitative, it can be used to measure
the concentration of iodine in an indirect mode.

Another important characteristic of 124I- solutions to be used as 
raw material in radiotracer development would be a minimal Te(IV) 
content, due to chemical and biological reasons (vide supra). We 
adapted a highly sensitive UV-VIS method to evaluate the Te(IV) 
levels in 124I- solutions by the formation of an association complex with 
sodium tungstate in the presence of poly(vinyl alcohol) [16].
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In this work, two fast and highly sensitive analytical methods, based on UV-VIS spectroscopy, were adapted for 

its use on the determination of specific activity (SA) and Tellurium (IV) concentration, in 124I- solutions produced by 
the 124Te(p,n)124I reaction. The solutions analyzed showed high specific activity (209 - 216 Ci/mg) and Te(IV) contents 
below the regulatory acceptable limit (1 ppm).
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Experimental
Instruments 

A Waters 515 HPLC system equipped with an Alltech 460 UV-vis 
detector and radioactivity detector (Bioscan, model FC-3300), was used 
for determination of specific activity in 124I- batches. The column used 
was an Alltech lichrosorb RP-18 5 µ (length of 250 mm, ID 4.6 mm). 
For Te(IV) determination was used a Genesys 10 UV-VIS spectrometer 
(Thermo Spectronic) with multi-wavelength capability, the wavelength 
of interest was set to 580 nm. 

Materials and reagents 

All solvents and reagents (highest purity grade) were purchased 
from Sigma-Aldrich and used without further purification. 1-iodo-
2-naphthol (used for the calibration curve) was synthesized from 
2-naphthol and iodine monochloride in dichlorometane according 
to Figure 1B. The solvent was evaporated and the product purified by 
gradient elution flash chromatography (hexane/acetone). The final 
characterization was done by Elemental analysis (C,H,N) and 1H-NMR 
spectroscopy, for the latter observing shifts between 0.10-0.14 ppm 
compared to free 2-naphthol; solvent residual peak D2O at 4.69 ppm 
was taken as reference: 7.92 (1H, d), 7.74 (1H, d), 7.73 (1H, d), 7.54 
(1H, d), 7.37 (1H, d) and 7.25 (1H, d). HPLC analysis revealed that 
the product was 98% pure and eluted in a different retention time 
compared to the starting material. Tellurium dioxide 99.9995% (Sigma 
Aldrich, part # 435902) was used in the calibration curve for Te(IV) 
determination. 

124I- solution batches were prepared by the 124Te(p,n)124I nuclear 
reaction using the COSTIS Compact Solid Target Irradiation 
System (IBA S.A., Louvain-La-Neuve, Belgium). 124I- was separated 
from the target using the Reetz GmBH (Berlin, Germany) quartz 
thermochromatographic furnace for radio-iodine recovery from solid 
targets [16]. Typically 5 µL of the concentrated solution are diluted to 
50 µL with sodium hydroxide 0.02M, this volume is enough to perform 
SA and Te(IV) determination in duplicate (if needed), since only 20 µL 
are needed for SA determination and 5 µL for Te(IV) determination.

SA and Te(IV) determination were evaluated under the 
international guidelines for method validation [17,18]. Data analysis 
suite from Microsoft Excel (Microsoft office professional plus 2010, 
ver. 14.0.71635000 32 bit) was used to obtain calibration data including 
LOQ and LOD values. Resolution (Rs) between peaks was calculated 
according to the following formula: 

Rs=1.18[(tRA-tRB)/(WA1/2h+WB1/2h)],

Where, Rs=resolution

t=elution time for species A or B

W=width of the peak at half height for A or B

Specific activity determination 

Solutions for calibration curve using the standard 1-iodo-
2-naphthol were prepared by dilution of a 1 mg/mL solution in 
methanol/water mixture 1:1. Blank injections were performed between 
data points to account for residual 1-iodo-2-naphthol in the column. 
Injection volume was 20 µL, typical volume and radioactivity in a 
sample was 50 µL and 5.0-1.0 mCi, respectively.

Linearity was evaluated based on the linear regression coefficient 
value (R2 ≥ 0.99) obtained for average data points performed along 
seven different 124I- values (i.e., 500, 250, 150, 100, 50, 20 and 3 ng, 
for a 500 to 3 ng working range). Every data point was performed 
in triplicate. Repeatability was evaluated through relative standard 
deviation (RSD) calculations at three different 124I- values (high, mid 
and low section of the working range, i.e., 500, 150 and 3 ng). Every data 
point was performed six times LOQ and LOD were calculated based 
on the residual standard deviation (σ) and slope (S) of the calibration 
curve obtained for the linearity section.

Mobile phase used was methanol 70% in water and the flow 
was adjusted to 1 ml/min. UV-detector was set at 254 nm. System 
suitability test for the HPLC system in reverse-phase conditions was 
performed at the beginning of each day using a mixture of different 
ketones (Waters Co; part # WAT042887). A criteria of resolution 
(Rs=4.0) was established for the propiophenone and butyrophenone 
peaks using the same method for SA. 1 was produced in situ using 10 
µL of a chloramine-T solution (1 mg/mL) and 10 µL of concentrated 
trifluoroacetic acid, or alternatively by addition of 25 µL of Iodogen 
solution (0.5 mg/mL) in ethanol, both in the presence of excess 
2-naphthol. Dilution was accounted for in the iodine concentration 
calculation. 

Determination of Te(IV) content 

This method was scale-down from the literature in order to work 
with 4-5 µL aliquots with an activity <0.5 mCi, the samples were diluted 
up to 1.5 mL prior to measurement giving concentrations in the range 
0.5-4.0 ng/mL. Briefly to 500 µL of the diluted sample in water it was 
added 120 µL of Na2WO4 solution (1 µg/mL in sulfuric acid 2M); in 
addition to 60 µL of poly(vynil alcohol) solution (1 mg/mL). 120 µL 
of nile blue solution (0.5 mg/mL) were added within 5 minutes of 
measurement. Disposable cuvettes with 100 L capacity on the path 
length were used for UV-VIS measurement, and fresh solutions for the 
calibration curve were prepared before measuring each new batch of 
124I-. Absorption was measured at 580 nm.

Results and Discussion
Specific activity determination

124I- solutions prepared by the 124Te(p,n)124I nuclear reaction are 
considered non-carrier added (nca), in principle this means that no 
iodine was added to the matrix and we could achieve the theoretical 
value for maximum specific activity in iodine, which is 251.6 Ci/mg 
or 31,200 Ci/mmol [19]. In practice this value is never achieved but 
it is useful to establish a limit for the detection of the method. Given 
the conditions of the method and the amount of sample tested the 
minimum amount of iodine that can be found is in the range of 116 
to 23 ng of 124I-. 

Figure 1: Syntheses of 1-iodo-2-naphthol (1); in situ for specific activity 
determination (A) and from monochloroiodide for calibration curve validation (B).
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We adapted an analytical approach that has been used for SA 
determination in solutions of 123I- and 131I-, and modified the procedure 
to customize the quality control in non-carrier added 124I- [20]. In order 
to assess the potential of this derivatization method for 124I- solutions, 
the reference compound 1-iodo-2-naphthol (1) was first prepared 
and characterized by 1H-NMR spectroscopy and HPLC. The linearity, 
accuracy and repeatability of the method was tested using solutions 
in the concentration range of 22.5-0.15 µg/mL or actual 450 to 3.0 ng 
analyzed. From the results obtained in Table 1 it can be seen that the 
method was linear in the tested range, with a limit of quantification 
(LOQ) of 9.3 ng and limit of detection (LOD) of 2.6 ng. The method 
was linear, accurate (recovery % 90-110, n=9) and repeatable (Relative 
Standard Deviation <5%, n=18) in the working range, which was 
appropriate for the iodine concentrations expected. 

After the method was validated with the compound 1, additional 
calibration curves were obtained in which 1 was produced in situ via 
the derivatization reaction of 2-naphthol, from known amounts of 
potassium iodine and either oxidation agent chloramine-T (C-T) or 
Iodogen (IG) (Figure 2). Usually the latter is considered milder since it 
does not need the presence of strong acids such as trifluoroacetic acid. 
A comparison between the linearity values and working ranges for all 
the calibration curves found is presented in Table 1. It can be observed 
that all three methods are equivalent, in terms of response obtained vs. 
concentration of iodine, independently of compound 1 being prepared 
in situ.

Optimization for the derivatization reaction in the SA method 
was made for the following variables: time of injection after mixing (2 
to 15 min), amount of oxidation agent used (5 to 25 µg, total mass) 
and temperature (25°C to 45°C). Iodine was introduced as potassium 
iodine. The derivatization reaction to produce 1 in situ was fast, the 
time was set to 5 minutes after mixing, for both oxidation agents, by 
comparing the peak areas obtained to the reference compound 1. In 
the case of chloramine-T the time for injection mixing was important 
since it was observed that the peak for 1 was not stable with time, 
eventually decreasing in favor of the specie 1-chloro-2-naphthol (2) 
which is also formed in excess given the concentration of C-T and 
presence of trifluoroacetic acid (see structure of both oxidation agents 
used in Figure 2). No significant change in the peak for 1 was observed 
up to 15 minutes after mixing when IG was used as an oxidant, and 
negligible amounts of 2 were also noted, possibly due to the milder 
nature of this reagent and the absence of trifluoroacetic acid in the 
matrix mixture. Finally temperature was found to not modify results 
obtained in the range tested, 25°C to 45°C, as a default 25°C was chosen 
due to convenience. Blanks for both methods without potassium iodide 
as a source of iodide did not produce any peak in the window for 
compound 1. 

In a typical chromatogram the peak for the specie of interest 1 was 
in a very consistent window, determined from specificity experiments 
(n=6), eluting between 11.0 to 11.3 min. The elution of this peak using 
the reference compound was generally seen later compared to the 
production of 1 in-situ for both C-T and IG methods, possibly because 
of the absence of organic solvents in the matrix, although for all cases 
the peak for 1 remained inside the aforementioned window. For 
chromatograms obtained using dilutions of the reference compound 
there was only one peak present for 1, for the other methods peaks 
identified with unreacted 2-naphthol and other negligible and 
unidentified peak was detected. 

As seen in Figure 3, the chromatogram for the chloramine-T 
method exhibited the greater amount of peaks, although given the 

resolution with the peak of interest (Resolution of 1 and 2 was Rs = 3) 
this did not represented an issue. 

In Table 2 the main differences in quality attributes validated for the 
chloramine-T and Iodogen® methods are summarized, in general both 
methods comply with general requirements for analytical methods in 
terms of specificity, linearity and range. The Iodogen® method exhibits 
lower limits of quantification and detection and more importantly it 
showed to be more repeatable and accurate than the chloramine-T 
method. These differences could be due to the instability of 1 after 
mixing. Specifically Robustness was evaluated fin both methods by 

Figure 2: Comparison between the structures of the oxidation reagents 
used, chloramine-T at left and Iodogen® at right

Figure 3: Representative chromatogram (using Chloramine-T) showing 
the chemical species in solution after 5 min of mixing, the signal for 1 is 

highlighted.

Method Slope Intercept
Correlation 
coefficient

Working 
range

1 13,154 12,205 0.9997 3-450 ng
C-T 14,797 2,295 0.999 3-500 ng
IG 13,572 16,862 0.993 3-500 ng

Table 1: Comparison between the linearity parameters found in the different 
SA determination methods. 1-iodo-2-naphthol (1), Chloramine-T (C-T) and 
Iodogen® (IG).

Quality Attribute Chloramine-T Iodogen®

Specificity Specific Specific
Linearity R2=0.999 R2=0.993
Range 3-500 ng 3-500 ng
LOQ 9 ng 6 ng
LOD 4 ng 3 ng

Accuracy 90-110% 95-105%
Precision (Repeatability) RSD<20% RSD<10%
Intermediate Precision RSD<25% RSD<10%

RSD: relative standard deviation

Table 2: Comparison between the qualities attributes found in the validation of 
SA determination using chloramine-T and Iodogen®.
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changes in flow rate (10%) and mobile phase composition (10%), these 
changes caused the peak for 1 to go out of the specified window obtained 
from specificity experiments. It is therefore demonstrated that such 
variations in either mobile phase composition or flow would impact 
the result of the method. An appropriate generic System Suitability 
Test was used at the beginning and end of day of experiments to assure 
consistency of results.

After validation of both methods for SA determination, twelve 
different batches of 124I- solutions prepared by the 124Te(p,n)124I nuclear 
reaction, were analyzed in parallel. In Figure 4 it can be observed a plot 
for the SA determined on each batch using both analytical methods. 
The results for iodine concentration found were within the working 
range obtained for both methods, with values between 15 and 25 ng. 
The resulting averages for SA values were 216 ± 13 Ci/mg for IG and 
209 ± 12 Ci/mg for C-T, further comparison using unpaired t-test 
indicated that the statistical difference between both methods is not 
significant (P=0.1843). SA values found using chloramine-T as an 
oxidant were usually lower compared to the Iodogen® method (Figure 
4), however this variability could be attributed to matrix effects since 
the calibration curve was performed in water and 124I- solutions have a 
matrix of sodium hydroxide 0.02M. 

The fact that the average values of SA obtained are below the 
expected maximum theoretical value means that not all the Iodine 
atoms in the sample are radioactive. It is not surprising to obtain lower 
values since the theoretical value represents an upper limit in the range 
and also “cold” or non-radioactive iodine in the system is ubiquitous. 
The values obtained are notwithstanding very high, 86% (IG) and 83% 
(C-T) of the theoretical value of 251.6 Ci/mg, and demonstrate a valid 
raw material for use in the manufacture of radiotracers.

Determination of Te(IV) content 

The determination of Te(IV) in 124I- solution batches was possible 
due to the formation of an ion association complex Te(IV)-WO4-nile 
blue in acidic solutions stabilized with poly(vinyl alcohol). We have 
scaled down this method in order to be used for radioactive samples 
and prepared a calibration curve using standard solutions of TeO2. The 
method was validated in the range 3.10 to 0.70 ng/mL since the change 
in color depending on Te(IV) concentration can be followed visually 
(Figure 5). The resulting values for the quality attributes evaluated are 
summarized in Table 3.

Briefly the method was found to be linear in the expected working 
range, and under matrix effects coming from the basic 124I- solutions. 
The typical specification for Te(IV) content as a heavy metal is less than 
1 µg/mL or 1 ppm. Twelve 124I- batches were tested using this procedure 
and the average concentration found was 0.40 ± 0.12 ppm, thus 
confirming that the Te(IV) content present in 124I- batches produced by 
the 124Te(p,n)124I reaction was within specifications. The color change 
was monitored via UV-vis at 580 nm.

Conclusion
As a conclusion, two highly sensitive methods for SA and Te(IV) 

determination in 124I- batches were validated and applied successfully. 
In addition, 124I- batches produced by the COSTIS target and the Reetz 
GmBH quartz thermochromatographic furnace possess high SA and 
low Te(IV) concentration. Given the small amount of sample needed for 
the SA and Te(IV) determination methods a workflow was developed 
in which only a small amount of 124I- solution was needed (<20 µL) to 
perform both quality control tests. This is important since given the 
typical activity concentration present on these solutions (ca. 1 mCi/

Quality Attribute Result
Specificity Specific for Te(IV)
Linearity R2=0.9885
Range 0.70-3.1 ng/mL
LOQ 1 ng/mL
LOD 0.7 ng/mL

Accuracy 90-110%
Precision (Repeatability) RSD<15%
Intermediate Precision RSD<20%

Table 3: Summary of quality attributes obtained from the validation of the 
method for Te(IV) using sodium tungstate.

Figure 4: Resulting SA values obtained for 12 batches of 124I- solutions 
using both oxidation reagents, chloramine-T (C-T) and Iodogen® (IG).

 
Figure 5: Linearity plot obtained for the Te(IV) determination method using 
sodium tungstate, color change at every data point can be seen in the insert.

mL) the exposure to quality control personnel can be high. Decrease 
in radiation exposure is of main importance when considering that 124I- 
solutions also exhibit high energy gamma radiation (0.6 and 1.7 MeV) 
and have the potential for airborne contamination.
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