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Abstract: Ga-complexes are widely used as radiopharmaceuticals for PET or SPECT 

imaging and as therapeutic agents. At physiological pH, free gallium(III) ions can 

stably exist as soluble gallate [Ga(OH)4]
−
, a nephrotoxic compound whose presence 

should be avoided. Any Ga-complex, therefore, should be carefully checked for the 

absence of gallate before use. Here we show that 
71

Ga NMR is a useful tool to rapidly 

detect the presence of gallate in aqueous solutions of Ga-complexes and to follow the 

purification steps of the Ga-complex solutions.  

Keywords: Ga-complexes, [Ga(OH)4]
−
 (gallate), 

71
Ga NMR, PET, SPECT 

 

1. Introduction 

Ga-complexes are invaluable tools as probes for imaging studies with 
66

Ga, 
67

Ga, or 
68

Ga radiopharmaceuticals, and as therapeutic agents for the treatment of a number of 

cancer and infectious diseases with non-radioactive gallium compounds (1). Their use 

relies on the assumption that the solutions are not contaminated by the presence of 

free Ga
3+

 ions. These free Ga
3+

 ions can have a profound effect on the efficacy of the 

gallium agents as they are likely to exist as [Ga(OH)4]
−
 (gallate)

 
(2) or to be taken up 

by iron-binding proteins (3). Large amounts of plasma gallate have been associated 

with nephrotoxicity (4-6). Therefore, any Ga-complex should be carefully checked for 

free Ga(III) ions before use. Various methods have already been proposed for the 

quantification of gallium ions in solution, such as spectrophotometry (7), fluorometry 

(8), complexometric titrations (9), or ICP-AES (10). As compared to the non 

destructive NMR technique (11-12), those methods have the drawback that the 

measurement has to be carried out in acidic or strongly acidic media. In fact, most of 

the Ga-complexes undergo proton-assisted decomplexation in strongly acidic media. 

Herein, we report the use of 
71

Ga NMR to rapidly detect the presence of free Ga(III) 

ions in the solutions of their complexes. 

Gallium has two quadrupolar NMR active nuclei: 
69

Ga and 
71

Ga. In spite of a lower 

natural abundance, 
71

Ga is generally the preferred isotope because of its higher 
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sensitivity and lower quadrupolar moment (0.112 x 10
-28

 m
2
 (13)). Compared with its 

wide range of applications in solid-state NMR (14-15), 
71

Ga NMR is less common 

among the liquid NMR community probably due to the broad peaks generally 

exhibited. A few articles have reported that the 
71

Ga NMR spectra can be obtained 

only when Ga(III) ions are in a highly symmetrical local environment such as in 

octahedral [Ga(H2O)6]
3+

 or tetrahedral [Ga(OH)4]
-
 (2, 11-12, 16), and C3-symmetric 

Ga-NOTA derivatives (17-22). As a proof of concept, we have studied here a solution 

of the approximately octahedral complex Ga-DOTA.  

2. Material and methods 

Gallium atomic absorption standard solution, gallium(III) nitrate hydrate, HNO3, HCl, 

NaOH, Chelex
®
 100 and D2O were purchased from Sigma (Bornem, Belgium) and 

used without further purification. Concentrations of gallium were measured by 

ICP-AES analysis on a JOBIN YVON JY70
+
 spectrometer (Paris, France). Unpurified 

Ga-DOTA was kindly provided by an industrial laboratory and its molecular weight 

was determined to be 470 (ES-MS (M+2Na)
+
: 515.3, 517.3 (Ga isotopes)) from an 

electrospray mass spectrum recorded on a Q-tof Ultima spectrometer (Micromass, 

Manchester, UK). Distilled water was used throughout the experiments. 

The NMR spectra were recorded on an Avance 300 spectrometer (Bruker, Karlsruhe, 

Germany) equipped with a 7.4 T superconducting magnet. The 
71

Ga NMR spectra 

were obtained with a 10 mm BBI probe at a frequency of 91.5 MHz. Spectra were 

recorded using a spin-echo sequence (TR=0.04 s, TE=4 µs), and were referenced to an 

external solution prepared by diluting 126 µl of gallium atomic absorption standard 

solution with a 0.34 M HNO3 10%D2O/90%H2O solution (Total volume=360 µl, 

gallium(III) concentration=5 mM). The volume of the tested samples was kept 

constant at 1800 µl. The temperature of the sample was fixed to 300 K by a Bruker 

BVT-2000 unit. 

The removal of free gallium ions from the solution of Ga-DOTA was performed by 

adding Chelex
®

 100 to a Ga-DOTA (approx. 27.45 mM, pH=7.50) 10%D2O/90%H2O 

solution. The concentration of Chelex
®

 100 was fixed to 5% in weight. The mixture 

was stirred during 24 h and centrifuged to collect the supernatant. This operation was 

repeated once and the NMR spectrum of the supernatant, which pH is still 7.50, was 

then recorded. 

3. Results and discussion 

In aqueous solution and depending on the pH, the Ga(III) ion can form different kinds 

of species, such as [Ga(H2O)6]
3+

, [Ga(OH)(H2O)5]
2+

, [Ga(OH)2(H2O)4]
+
, Ga(OH)3, 

[Ga(OH)4]
−
, etc. (23-24). Among those Ga(III) ion species, only the octahedral 

[Ga(H2O)6]
3+

 and the tetrahedral [Ga(OH)4]
−
 can be observed by NMR, due to their 

highly symmetrical local environment of the gallium nucleus (11-12) (Fig. 1). 

Under acidic conditions (pH < 3.50), the hexa-aqua ion, [Ga(H2O)6]
3+

, gives a peak 

whose intensity gradually falls as the pH value increases indicating that the 

[Ga(H2O)6]
3+

 species disappears from the solution while another one is forming. The 

line broadening is due to the fast exchange between the octahedral [Ga(H2O)6]
3+

 and 

the less symmetrical hydrolysis products. Under basic conditions, [Ga(OH)4]
−
, can be 
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observed around 222 ppm with respect to [Ga(H2O)6]
3+

 and its intensity raises 

gradually with the increase of pH value. In the pH range of 3.5-7.0, no gallium signal 

can be observed. Furthermore, the state of the solution also changes with the pH value: 

at low pH (pH < 3.5) and high pH (pH > 9.5), the solution is clear and transparent, 

whereas in the pH range 3.5-9.5, a white precipitate appears. Thus, around 

physiological pH, the species of free gallium ions which exist in solution are the 

insoluble amorphous Ga(OH)3 and the soluble [Ga(OH)4]
−
. The presence of Ga(OH)3, 

as a white precipitate, can be easily observed and removed from the solution of 

Ga-complexes, while the presence of [Ga(OH)4]
−
 is difficult to observe and is, 

therefore, often ignored. It has to be stressed that, in the context of the search for 

traces of free gallium contaminating solutions of gallium complexes, attention should 

be paid to avoid low pH (<5) and particularly high pH (>8) which induce dissociation 

of the complex, as nicely shown in ref.12 (τ1/2 = 12.2 days and 6.2 hours for 

Ga-DOTA at pH = 0 and 10 respectively). 

We collected the 
71

Ga NMR spectrum of a Ga-DOTA solution which had not been 

treated for the removal of the free Ga(III) ions at a pH value of 7.50 (see the bottom 

spectrum of Fig. 2). Two absorptions were observed, a broad one around 137 ppm and 

a sharper one at 222 ppm corresponding to Ga-DOTA and free Ga(III) ions in the 

form of [Ga(OH)4]
-
 respectively. These results show that 

71
Ga NMR allows detecting 

the presence of free Ga(III) ions in a Ga-complex solution without destroying the 

Ga-complex if the spectrum is recorded at a pH ranging from 7.5 to 8 and over a 

period of time that is short with respect to the kinetics of a possible dissociation. In 

our case, the data collection was shorter than 2.5 hours guaranteeing no dissociation at 

pH 7.5. Assuming such a reasonable scanning time, the detection limit for free 

gallium, will be around 10 ppm on a room temperature probe at 7.4 T and 300 K. 

After the synthesis of a Ga-complex, it is important to be able to remove any free ions. 

We tested the efficacy of Chelex
®
 100, which is a styrene-divinylbenzene co-polymer 

containing iminodiacetic acid groups and is well-known for its ability to bind metal 

ions (25-27). It has, for example, been successfully applied in removing the free 

gadolinium, lanthanum, and europium ions from their complex solutions (28). We 

performed 
71

Ga NMR spectra of a Ga-DOTA solution before and after a treatment 

with 5% Chelex
®
 100 (Fig. 2). The results show the complete disappearance of the 

71
Ga signal corresponding to the free Ga ions, whereas the signal of Ga-DOTA 

remains unchanged. This result confirms that Chelex
®
 100 is a suitable agent for the 

removal of free gallium ions from the solutions of Ga-complexes and illustrates the 

potential of 
71

Ga NMR to follow the purification step of the Ga-complex solutions.  

 

4. Conclusions 

This work confirms that 
71

Ga NMR is a useful tool to rapidly detect the presence and 

the removal of free gallium ions in aqueous solutions of Ga-complexes, provided that 

the pH be maintained between 7.5 and 8. Its extension to quantitative analysis with 
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the use of an external reference is straightforward and the detection limit in the ppm 

range can be reasonably expected.   
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Captions: 

 

Figure 1: 
71

Ga NMR spectra of 10 mM gallium(III) nitrate hydrate (TR=0.04 s, TE=4 

µs, 20 k scans). From bottom to top, the pH of the solution is 0, 3.0, 7.0, 7.5, 10.0 and 

14.0, respectively. 

 

Figure 2: 
71

Ga NMR spectra of the aqueous solution of Ga-DOTA (approx. 27.45 mM, 

pH=7.50) (*: reference, 120 k scans, TR=0.04 s, TE= 4 µs). The bottom spectrum 

corresponds to the solution which has not been treated by Chelex
®
 100, whereas the 

top spectrum corresponds to the treated solution. 
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Figure 1: 71Ga NMR spectra of 10 mM gallium(III) nitrate hydrate (TR=0.04 s, TE=4 µs, 20 k 
scans). From bottom to top, the pH of the solution is 0, 3.0, 7.0, 7.5, 10.0 and 14.0, respectively.  
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Figure 2: 71Ga NMR spectra of the aqueous solution of Ga-DOTA (approx. 27.45 mM, pH=7.50) (*: 
reference, 120 k scans, TR=0.04 s, TE= 4 µs). The bottom spectrum corresponds to the solution 

which has not been treated by Chelex® 100, whereas the top spectrum corresponds to the treated 
solution.  
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