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Abstract – In case of accidental release of radionuclides in the environment, actinides could  occur and 
may present an healthy risk  for human beings. In order to study their behavior in human organism 
(metabolism, retention, excretion), it is of prime importance to know solution actinide chemistry, and more 
particularly thermodynamic constants, which will allow to determine their speciation: speciation governs 
biodisponibility and toxicity of elements and is also of great interest for decorporation purposes. In this 
framework, a CEA working group on speciation has been created in order to share data both on 
thermodynamic constants and on speciation analytical methods, interesting chemists, environmentalists 
and biologists. It has been focused, in a first time, on actinides. 
The purpose of this paper is to present the state of the art on actinide speciation within biological media 
and to focus on the lack of information in order to orientate future research.  

 
INTRODUCTION 
Internal contamination with actinides (Th, U, 
Np, Pu, Am) under acute or chronic mode can 
induce both radiological and chemical toxicity. 
Whatever the route of contamination is 
(inhalation, ingestion or wound), the 
radionuclide is absorbed to the blood (depending 
on its dissolution properties), and then  
distributed in the target organs (bone, kidney, 
liver…) in which it can be stored and then 
eliminated through urines and faeces. These 
different biological steps are dominated by 
kinetics but also by the physico -chemistry or the 
speciation of compounds. 
Speciation studies which refer to the distribution 
of species in a particular medium, are necessary 
to improve the description, understanding and 
prediction of actinides trace elements behavior 
and toxicity. There are different methods to 
approach speciation of radionuclides in 
biological systems, among which computer 
modelling based on the use of thermodynamic 
data and experimental determination are 
complementary approaches. 
The aim of this work is to present a synthesis of 
the existing biological data on the ligand-actinide 
complexes in order to implement a data base 
called BASSIST (Bion, 2003) developed at 
CEA, and in addition, to provide  the biologists 
with predictive calculations in order to conduct 
their experiments. 
The different steps suggested in the present study 
are: 
1/ to perform a synthetic review of the metabolic 
data of these actinides summarising 
experimentations on animals available in the 
literature; 

2/ to list the composition of the main biological 
media (ex: blood, saliva, gastric juices or cellular 
culture medium) to highlight the basic elements 
of interest (chlorides, phosphates, carbonates, 
proteins, amino-acids) but also certain 
parameters like pH; 
3/ to remind few rules on actinide chemistry in 
solution; 
4/ to review actinide interaction with biological 
molecules present in different media, organs or 
cells, and used as chelating agents; 
5/ to list thermodynamic constants available and 
to emphasize the missing data to guide future 
research; 
6/ to present some speciation diagrams for 
biological media of interest, and to show some 
examples of practical application of  speciation 
within  the field of in vivo experiments (ex: renal 
toxicity of uranium). 
 
BIOLOGICAL BEHAVIOUR OF 
ACTINIDES 
 
The biokinetics and bioorganic chemistry of all 
the actinides previously discussed are currently 
reviewed by the International Commission on 
Radiological Protection (ICRP Publication 67, 
69), and a review and synthesis of these data 
have been previously published by Taylor (1998) 
and is summarised in table I. If some 
informations are available on Th(IV), U(VI), 
Pu(IV) and Am(III) under different chemical 
forms, data on Np(IV) and Np(V) are rare. Three 
major studies conducted by Durbin (1998), 
Ramounet (1998) and Racine (2003) on Np(IV)- 
citrate and Np(V)-Cl, in rats and mice have 
shown significant differences in the biokinetic 
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results at a short period (1 hour) between both 
oxidation states: this result has been explained 
by Racine (2003), showing that Np(IV) was 
mainly (80%) chelated with transferrin, whereas 
Np(V) was present under free cation form 
(NpO2

+).   
 
Table I : Biokinetics of actinides (retention, 
excretion and ICRP models) 
 
 
 
 
 
 
 
 
 
 
 
 
 
COMPOSITION OF SOME SELECTED 
BIOLOGICAL MEDIA 
 
Among the different media present in human 
body, a selection (saliva, blood serum, gastric 
juice, mother milk) is presented in table II, 
including their main composition given in terms 
of ligand family such as minerals, organics, 
proteins, amino acids and metals.  
 
Table II : Composition of some biological media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A composition of a cell cultur medium, used for 
in vitro experiments in order to simulate actinide 
behavior  has been also mentioned. 
 
 

ACTINIDE CHEMISTRY IN SOLUTION 
 
Actinides in biological media can be present 
under different ligand-metal forms which are 
regulated by important parameters such as 
concentration, pH, ionic strength, redox 
potential, precipitation and/or formation of 
colloids.  
Oxidation states : Actinide cations as hard 
acids, interact preferentially with hard bases such 
as oxygen atoms rather than softer bases such as 
nitrogen, sulphur or phosphorous donors. The 
most stable states for thorium is Th4+, for 
uranium UO2

2+, for neptunium Np4+ and NpO2
+ , 

for plutonium Pu4+, and   for americium  Am3+.  
Complexation and hydrolysis : Their ability to 
form complexes with ligands follows the pattern:  
PO4

3- > CO3
2- > OH- > SO3

2- > F- > SO4
2- > 

HPO4
2- > H2PO4

-... 
A significant aspect of actinide hydration is the 
importance, as the pH increases, of hydrolysis 
reactions such as :   
         Mn+ + m H2O  <=>  M(OH)m

(n-m)+  + m H+     
The strength of hydrolysis follows the pattern: 
M4+ > MO2

2+ > M3+  > MO2
+ . 

The M4+ and MO2
2+ species are reported also to 

form oligomers (i.e., [M(OH)i]n ), and the 
competition between monomer and oligomer is 
dependent on actinide concentration: for 
example, the hydrolysis of Pu4+ can result in the 
formation of polymers which are rather 
intractable to reversal to simpler species 
(Choppin, 1983; Seaborg, 1993). 
Redox potential : The standard redox potentials 
for Th, U, Np, Pu and  Am, in acidic aqueous 
solutions are given in table III (Katz et al, 1986).  
 
Table III : Standard redox potential of actinides 
 
 
 
 
 
 
 
Kinetics : generally, redox reactions of actinide 
species have, for discussion of kinetic effects, 
been divided into 2 groups: those which involve 
electron transfer only (M3+, M4+) for which 
reactions of simple electron exchange  are fast, 
and those which also require formation and/or 
rupture of metal/oxygen bonds (e.g. M4+  
MO2

+ ) which tend to be lower.  
 

 
Actinides Thorium Uranium Neptunium* Plutonium Americium 

Biological form Th4+ UO2
2+ Np4+ NpO2

+ Pu4+ Am3+ 
Ionic radius (A) 0.99 0.83 0.92 0.88 0.90 0.99 

Blood stay 10 %  1d 
0.3 % 10d 

25 %  5 min 
1 %    1d 

20 %   1h 
< 1 %   1d 

< 1%  1h < 1 %  1d < 1 %  1d 

Blood  
complexes 

100 % Tf 50 % HCO3
- 

30 % Tf 
20 % red cells 

80 % Tf 70 % free 100 % Tf 100 % Tf 

Organ retention       
Bone 70 % 10-15 % 30-50 % 30-50 % 50 % 30 % 
Liver 5 % / 2-10 % 2-10 % 30 % 50 % 

Kidneys 3 % 12-25 % / 1 % / / 
Soft tissues 4 % 5 % 5 % 5 % 10 % / 

Urinary 
excretion 

4-6 %  5d 
7-9 % 20d 

65 %  1d 
70 %  6d 

3-4 %  1h 
15 %  1d 

15-20 % 1h 
20–40 % 1d 

0.4 %  1d 
1.4 %  14d 

< 1 % 1d 

Ingestion f1 Type M 
                        Type S 

5 10-4 
2 10-4 

2 10-2 
2 10-3 

5 10-4 5 10-4 
1 10-5 

5 10-4 

ICRP model 69 69 67 * 67 67 

* Data on the distribution of  Np(IV) et Np(V) in rat and mouse (Racine 2003, Durbin 1998, Ramounet 1998) 
 

 
Ligands (M) 

 
pH 

Blood serum 
 

7.4 

Saliva 
 

 5.6 - 7.6 

Gastric 
 juice 

1.5 -  5.5 

Cultur 
medium 

7.3 

Mother 
milk (g/L) 
4.5 - 7.5 

"Minéral"      
Carbonate 2.5 10-2 6.6 10-3  2.6 10-2  
Phosphate 1.1 10-3 3.7 10-3 2.8 10-3 5.6 10-3 0.1 
SCN-  2.1 10-3    
F-  7.3 10-6    
SO4

2- 3.3 10-4 3.3 10-4  0.4 10-3 0.1 
Cl- 9.0 10-2 2.9 10-2 1.2 10-1 1.3 10-1 0.4 
NH4

+  2.6 10-3 6.0 10-3   
NO3

-    0.4 10-3  
"Organic"      
Ascorbate  8.0 10-6 4.7 10-5   
Citrate 1.6 10-4 5.4 10-5   0.8 
Lactate 1.5 10-3 1.4 10-6 3.3 10-4   
Oxalate 9.2 10-6     
Aspartate    0.15 10-3  
Glutamate    0.15 10-3  
Glucose    11.0 10-3 70 
"Protéins + 
 amino-acids" 

10-4 à 10-5 10-4 à 10-5 10-4 à 10-5  10 

HEPES Buffer    17.5 10-3  
Albumin 6.3 10-4     
Transferrin 3.7 10-5     
Urea  3.0 10-3 3.3 10-4   
Cystéin    0.1 10-3  
Glycin    0.25 10-3  
"Métals"      
Ca2+ 1.4 10-3 1.5 10-3 1.9 10-3 1.0 10-3 0.3 
Mg2+ 5.6 10-4 2.7 10-4 3.1 10-4 0.4 10-3 0.5 
Na+ 9.0 10-2 1.0 10-2 4.9 10-2 1.4 10-1 0.2 
K+ 4.9 10-4 2.0 10-2 1.2 10-2 5.0 10-3 3.0 10-3 
Fe2+ 3.0 10-5    5.0 10-6 
 

 
 Actinides 

Redox (V) Thorium Uranium Neptunium Plutonium Americium 
M3+ / M4+ -3.8 -0.52 0.15 1.01 2.62 

M4+ / MO2
+ / 0.38 0.64 1.04 0.82 

MO2
+ / 

MO2
2+ 

/ 0.17 1.24 1.02 1.60 

Stability Th4+ 
stable 

UO2
2+ stable 

Difficult to 
reduce 

Np4+ stable 
NpO2

+ stable 
disproportionates 
at higher acidity 

Pu4+ stable 
disproportionates 
at lower acidity 

Am3+ stable 
Difficult to 

oxidize 
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ACTINIDE INTERACTION WITH 
BIOLOGICAL MOLECULES PRESENT IN 
DIFFERENT ORGANS OR TISSUES 
 
Most studies relating to biokinetics of actinides 
were focused on blood, since the overall 
behaviour of radionuclides is reliant on their time 
residence in this compartment. A review 
published by Duffield et al (1986) showed that 
most of actinides in blood are mainly bounded to 
transferrin (Tf) which is the iron transport 
protein. Two studies, one  on uranyl cation 
UO2

2+ (Scapolan, 1998)  and the other one on 
plutonium Pu4+ (Duffield, 2001), are giving 
stability constants (log B1, I=0) for both 
elements which are respectively 16 for UO2

2+ 
and 22.5 for Pu4+. An other recent study carried 
out by Racine (2001) on neptunium showed that 
for Np4+, 80% was bounded with high molecular 
weight compounds such as transferrin, whereas 
for NpO2

+ this bounded fraction was only 30%. 
Stability constants (log B) were estimated by 
analogy to be respectively 20 to 25 for Np4+ and 
2 to 4 for NpO2

+. 
Few similar experiments have been performed 
on some organs of deposition, including the 
liver, the bone and the kidney. A review 
published by Paquet et al (2003) presents the 
schematic transfer mechanisms of Np(V), Pu(IV) 
and Am(III)  from blood to liver cells, and 
describes possible binding of theses actinides in 
the liver cell (time and mass dependent) with 
high molecular weight molecules such as 
calmodulin,   ferritin and lipofuscin. For bone, 
investigations were rare and difficult because of 
the problems of separating the various mineral 
(mainly hydroxyapatite) and organic components 
without degrading them and disturbing the 
metal-binding equilibria: nevertheless some 
studies reviewed by Duffield (1986) have 
identified proteins such as sialoproteins, 
chondroitin sulphate, glycoprotein and also 
transferrin. Finally in the kidney, studies carried 
out by Mirto et al (1999) and Carriere et al 
(2004) have shown for uranium the effect of 
speciation on toxicity . 
 
CHEMICAL STABILITY CONSTANTS OF 
ACTINIDES 
 
CEA is developing a thermodynamic database 
containing equilibrium constants involving 
actinides for speciation calculation in 
geochemical and biological media. The 
development of this database named BASSIST 
(Base Applied to Speciation in Solution at 

Interfaces and SolubiliTy) corresponds to 1/ the 
integration of international certified values (such 
as data from OCDE/NEA review), 2/ the 
addition of other selected data from international 
literature and 3/ the addition of data obtained 
from chemical analogies between elements, 
giving for each value an indice of reliability and 
robustness. Table  IV gives an overview of some 
thermodynamic constants implemented in 
BASSIST. Two examples of actinide complexes 
with well-known chelating agents such as EDTA 
and DTPA are also provided.  
 
Table IV : Stability constants of some aqueous 
inorganic and organic actinide complexes   
 
 
 
 
 
 
 
 
 
  
 
 
Future works or expertise : the extension of 
BASSIST to biological media (addition of  
chelating agents such as citrate, amino acids , 
proteins, ...) is in progress in collaboration with 
the GT 32 CETAMA working group of CEA and 
in the framework of  the national program of 
Environmental Nuclear Toxicology. In parallel, 
determination of new data (complexation 
constants) using analytical speciation techniques 
constitutes another important challenge. A recent 
study conducted by Jacopin et al (2003) 
illustrates the use of a panel of spectroscopic 
analytical methods for the study of the 
complexation between 1-hydroxyethane-1,1'-
diphosphonic acid (HEDP) and uranyl ion 
UO2

2+, suggesting a metal complex present as 
1:1 (metal/ligand) stochiometry with calculated 
stability constants log K1= 6.5 for MH3L and log 
K2 = 11.5 for MH2L. The lack of data for sugar 
family which is often present in different media, 
and also for buffer solutions which occur in in 
vitro experiments will be considered (has been 
also highlighted and should be considered for 
further investigations).  
 
USE OF SPECIATION DIAGRAMS AS A 
PREDICTIVE OR EXPLANATORY TOOL 
The aim of this paragraph is to illustrate the 
application and utility of a database such as 

 
Actinides Thorium Uranium Neptunium Plutonium Americium 

Biological form Th4+ UO2
2+ Np4+ NpO2

+ Pu4+ Am3+ 
Ionic radius (A) 0.99 0.83 0.92 0.88 0.90 0.99 

Log ß1 (I=0)+       
Hydroxyde (OH-) ß1 = -2.4 

ß4 = -18.4
ß1 = -5,2 ß1 = -0.3 

ß4 = -9.8 
ß1 = -11.3 ß1 = -0.8 

ß4 = -8.4 
ß1 = -7.3 

Carbonate(CO3
2-) ß5 = 29.8 ß1 = 9.7 

ß2 = 16.9 
ß3 = 21.6 

ß4 = 36.7 
ß5 = 35.6 

 

ß1 = 5.0 
ß2 = 6.5 
ß3 = 5.5 

ß4 = 35.9 
ß5 = 34.5 

 

ß1 = 7.8 
ß2 = 12.3 
ß3 = 15.2 

Phosphate (PO4
3-)  13.3     

                (HPO4
2-) 13.0 7.2  2.9   

                (H2PO4
-)      3.0 

                (H3PO4)  0.8   2.4  
Citrate (Cit3-) 14.2# 8.4#  3.74# 17.6# 9.6# 
Chloride (Cl-) 1.1 0.17 1.5  1.8 1.05 
Glycine (L-) 10.5# 8.0#  3.3*(I=0.1)  4.1# (I=1) 

Cysteine (L2-) 9.2# 6.7#    4.2# (I=1) 
Aspartate ((L2-) 11.0# 9.3#  2.6# (I=1)  4.81* (I=0.1) 
Glutamate (L2-) 10.8# 9.2#  2.7# (I=1)  5.6# (I=1) 

Transferrin  16 20-25** 2-4** 22.5  
EDTA (L4-) 26.6# 13.6 (±4.3)# 24.6#(I=1) 9.3# 29.0# 19.6# 
DTPA (L5-) 32.8# 21.1# 29.3# (I=0.5) 11.7# 29.5# (I=0.5) 26.2# 

+ data from NEA, OECD and PSI,  *Smith & Martell,   # IUPAC Database, ** estimated by analogy 
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BASSIST in order to predict or explain the 
presence of  species in a specific medium by 
using a speciation code like CHESS (Van der 
Lee, 2002). 
First example gives the predictive speciation of 
Pu4+ (Fig 1a) and Th4+ (Fig 1b) in a simulated 
composition of blood, showing that for pH~7, 
plutonium is mainly present as hydroxide 
Pu(OH)4, while thorium is present as a phosphate 
complex. Similar graphs with Np4+ would show 
the presence of Np(OH)4, whereas with NpO2

+ 
the main species would be free NpO2

+ which 
could explain the different biological behavior of 
these elements after injection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1a – Speciation of Pu- 1b – Speciation of Th 
 
The second example (Fig 2) allows to explain the 
intracellular precipitation of uranium which is 
experimentally observed in lysosome of renal 
cells after in vivo contamination of rat.  
 
 
 
 
 
 
 
 
 
Fig 2 : Speciation of UO2

2+ in kidney cell 
 
In this case, the speciation diagram of uranyl at 
10-5 M, shows the presence of  an uranyl  
phosphate precipitate (UO2)3(PO4)2, 4H2O at pH 
5, which is confirmed by an EDAX analysis.  
 
 

CONCLUSION AND FUTURE TRENDS 
 
The aim of this study was to briefly review the 
different chemical and biological properties of 
actinides and to show the possibilities of 
theoretical speciation tool in the prediction and 
explanation (understanding) of biological 
experiments. Some missing stability constant 
data have been listed (for example, sugar family, 
amino-acids, proteins, chelating agents…).  The 
GT 32 working group of CETAMA will aim at 
providing and expertising new data to implement 
the database BASSIST (which could be then 
selected as a data base in a speciation code (like 
CHESS). This is also performed in collaboration 
and interaction with the Risk Control Domain 
(CEA) and the Environmental Nuclear 
Toxicology research program developed by CEA 
with CNRS, Inserm and Inra.  
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